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PREFACE 


This  Proceedings  of  the  Fifth  Solid  Freeform  Fabrication  Symposium,  held  at  The 
University  of  Texas  in  Austin  on  August  8-10,  1994,  was  the  best  attended  and  continued  the 
dynamic  nature  of  the  first  four.  Intense  interest  was  shown  by  researchers  for  the  latest  in  the 
basic  aspects  of  Solid  Freeform  Fabrication  (SFF)  that  highlighted  the  papers  presented  at  this 
Symposium.  The  speakers  addressed  problems  in  computer  software,  machine  design,  materials 
synthesis  and  processing,  and  SFF  in  integrated  manufacturing.  The  continued  growth  in  the 
research,  application  and  development  of  SFF  approaches  was  readily  apparent  from  the 
additional  papers  presented  and  the  attendees  from  industrial  users,  SFF  machine 
manufacturers,  universities,  and  government.  There  was  a  very  large  international  involvement 
in  the  meeting,  both  as  attendees  and  as  contributors.  Research  presented  in  the  Symposium 
showed  the  continued  movement  forward  toward  the  goal  of  structurally  sound  parts  using  a 
wide  range  of  SFF  techniques.  This  continued  advancement  in  the  state-of-the-art  of  SFF  and 
the  drive  for  continually  improving  and  reaching  out  for  standardization  of  the  technology  will 
continue  to  drive  its  exponential  growth  and  cooperative  efforts.  The  excitement  generated  at 
the  Symposium  reflects  the  participants'  total  involvement  in  SFF  and  the  future  technical 
health  of  SFF.  The  Symposium  organizers  look  forward  to  its  being  a  continued  forum  for 
technical  exchange  among  the  expanding  body  of  researchers  involved  in  SFF. 

The  Symposium  was  again  organized  in  a  manner  to  allow  the  multi-disciplinary  nature 
of  the  SFF  research  to  be  presented  coherently,  with  various  sessions  emphasizing  computer 
aspects,  machine  topics,  and  the  variety  of  materials  aspects  of  SFF.  Application-related  efforts 
were  scattered  throughout  the  Symposium.  To  avoid  parallel  sessions,  a  poster  session  was 
organized,  and  a  panel  session  on  SFF  was  held.  The  dynamic,  loosely  organized  panel 
discussion  on  "Where  does  SFF  go  in  the  Next  Five  Years?"  was  led  by  Joel  Barlow,  Michael 
Cima,  Thomas  Pang,  Fritz  Prinz,  Sean  O'Reilly,  and  Michael  Wozny.  The  written  versions  of  the 
presented  papers  are  incorporated  into  these  Proceedings.  The  editors  would  like  to  thank  the 
speakers  for  their  timely  delivery  of  the  manuscripts.  We  believe  that  documenting  the 
constantly  changing  state  of  the  SFF  art  as  represented  by  these  Proceedings  will  serve  both  the 
people  presently  involved  in  this  fruitful  area  as  well  as  the  large  flux  of  new  researchers  and 
users  entering  the  field  of  SFF.  The  evenings  were  highlighted  with  Texas-style  vittles  and 
entertainment  featuring  the  Geezinslaws. 

The  editors  again  would  like  to  extend  a  warm  "Thank  You"  to  Renee  Loyless-May  for 
her  extensive  efforts  in  the  detailed  handling  of  the  logistics  of  the  meeting  and  the  Proceedings 
and  the  support  efforts  of  Vicki  Lehmeier  and  Cindy  Pflughoft  throughout.  We  would  also  like 
to  thank  the  organizing  committee,  the  speakers,  the  session  chairmen,  panel  members,  and  the 
attendees  for  their  enthusiastic  contributions.  We  look  forward  to  the  continued  close 
cooperation  of  the  SFF  community  in  organizing  the  Symposium.  We  also  want  to  thank  ONR 
through  Grant  No.  N00014-94-1-0829,  ARP  A,  and  The  Minerals,  Metals  and  Materials  Society 
for  co-sponsoring  the  Symposium  with  the  Mechanical  Engineering  Department  and  the  Center 
for  Materials  Science  and  Engineering  at  the  University  of  Texas  at  Austin.  The  editors. 
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Shape  Deposition  Manufacturing 

Merz,  R.,  Prinz,  F.B.,  Ramaswami,  K.,  Terk,  M.,  Weiss,  L.E. 


The  Robotics  Institute  and 
The  Engineering  Design  Research  Center 
Carnegie  Mellon  University 


Abstract 

One  challenge  for  solid  freeform  fabrication  has  been  to  develop  the  capability  to  directly 
create  functional  metal  shapes  which  are  dense,  metallurgically  bonded,  geometrically  accurate 
and  with  good  surface  appearance.  Shape  Deposition  is  a  manufacturing  paradigm  which  attempts 
to  address  these  issues.  It  incorporates  the  advantages  of  several  processes  including  solid  free¬ 
form  fabrication  (complex  geometries,  rapidly  planned),  5-axis  CNC  machining  (accuracy, 
smooth  surfaces),  shot-peening  (for  stress  relief)  and  ‘ microcasting ’  (a  high-performance,  weld- 
based  material  deposition  process).  These  processes  are  integrated  within  a  CAD/CAM  system 
using  robotic  automation.  This  paper  will  present  the  current  research  in  this  effort. 

Introduction 

While  functional  metal  shapes  have  been  built  with  solid  freeform  fabrication  (SFF)  through 
postprocessing  and/or  conversion  methods  [1],  it  remains  a  goal  to  be  able  to  directly  build  high 
performance  metal  shapes.  Metal  parts  which  are  fully  dense,  metallurgically  bonded,  have  accu¬ 
rate  dimensions  and  good  surface  appearance  are  often  required  for  such  applications  as  fabricat¬ 
ing  custom  tooling  (e.g.  injection  molds)  and  functional  production-ready  prototypes  (e.g.  engine 
components).  An  early  system,  called  MD*  [2],  built  prototype  metal  shapes  directly  with  thermal 
spraying.  While  the  MD*  approach  incorporates  a  versatile  material  deposition  process,  it  has 
several  limitations  which  are  also  common  to  several  other  SFF  processes.  The  parts  exhibit  a 
stair-step  surface  texture  and  it  is  difficult  to  achieve  the  accuracy,  precision  and  resolution  which 
can  be  achieved  with  traditional  shaping  methods  such  as  CNC  machining.  Sprayed  material  also 
exhibits  porosity,  and  the  mechanical  strength  is  poor  compared  to  cast  or  welded  materials.  In 
addition,  the  buildup  of  residual  stress  through  thermal  gradients  during  layered  solidification  can 
lead  to  warpage  and  delamination  [3]. 

Other  incremental  material  deposition  approaches  which  are  based  on  welding,  such  as  Shape 
Melting  [4]  and  3D- Welding  [5],  produce  superior  material  properties,  but  have  been  limited  in 
geometric  complexity  and  require  finishing  machining  operations.  In  our  experience,  no  single 
SFF  or  conventional  fabrication  process  will  satisfy  all  the  requirements  for  rapidly  and  directly 
creating  high  performance  metal  parts.  To  address  this  challenge  we  are  investigating  an  approach 
called  Shape  Deposition  Manufacturing  (SDM)  [10  -  14]  which  combines  the  benefits  of  SFF 
(i.e.,  quickly  planned,  independent  of  geometry),  CNC  milling  (i.e.,  accuracy  and  precision  with 
good  surface  quality),  weld-based  deposition  (i.e.,  superior  material  properties)  and  shot  peening 
(i.e.,  control  of  internal  stress  buildup).  This  paper  describes  the  concept  of  Shape  Deposition,  a 
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novel,  weld-based  deposition  process  called  microcasting  and  thermal  and  stress  related  issues. 
Further,  a  testbed  implementation  of  SDM  is  discussed  and  examples  are  presented. 

Shape  Deposition 

The  basic  steps  for  building  parts  with  Shape  Deposition  is  depicted  in  Figure  1.  To  form 
each  layer  the  growing  shape  is  transferred  to  several  processing  stations.  First,  the  material  for 
each  layer  is  deposited  as  a  near-net  shape  using  a  novel  weld-based  deposition  process  called 
microcasting  [7]  (Fig  la).  The  part  is  then  transferred  to  a  shaping  station,  such  as  a  5-axes  CNC 
milling  machine,  where  material  is  removed  to  form  the  net  shape  (Fig.  lb).  In  the  next  step  the 
part  is  transferred  to  a  stress-relief  station,  such  as  shot-peening,  to  control  the  buildup  of  residual 
stresses  (Fig.  lc).  The  part  is  then  transferred  back  to  the  deposition  station,  where  complemen¬ 
tary  shaped,  sacrificial  support  material  is  also  deposited.  Each  of  these  operations  are  described 
in  detail  below. 


Figure  1 :  Creation  of  a  layer  using  SDM 


In  contrast  to  SFF  processes,  Shape  Deposition  decomposes  the  CAD  model  of  the  part  into 
slices  which  maintain  the  full  three-dimensional  geometry  of  the  outer  surface.  The  total  layer 
thickness  and  the  sequence  for  depositing  the  primary  and  support  materials  depends  upon  the 
local  surface  geometry.  Consider  the  shape  in  Figure  2  which  represents  three  fundamental  fea¬ 
tures  which  can  be  found  in  a  layer;  non  undercut  (relative  to  the  build  direction),  undercut,  and  a 
combination  of  both 


Figure  2:  Cross-section  of  example  shape 
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This  shape  can  be  formed  as  follows: 

•  In  the  first  layer,  which  contains  only  non-undercut  features  (Fig.  3),  the  primary  material  is 
deposited  (Fig.  3a)  and  shaped  (Fig.  3b)  first.  This  layer  is  completed  by  depositing  the  support 
material  (Fig.  3c)  and  planing  the  to  surface  (Fig.  3d). 


Figure  3:  Manufacture  of  non-undercut  features 


•  The  second  layer,  which  contains  only  undercut  features  (Fig.  4),  is  created  by  depositing 
(Fig.  4a)  and  shaping  (Fig.  4b)  the  support  material  first.  This  forms  a  molding  cavity  into  which 
the  primary  material  is  then  deposited  (Fig.  4c)  and  the  layer  is  finished  by  planing  the  top  surface 
(Fig.  4d). 


Figure  4:  Manufacture  of  undercut  features 


•  For  the  third  layer  the  support  material  must  be  subdivided  (Fig.  5).  The  section  of  the  sup¬ 
port  material  with  no  undercuts  is  deposited  and  shaped  first  (Fig.  5a).  Next,  the  primary  material 
is  deposited  and  the  non-undercut  surfaces  are  shaped  (Fig.  5b).  Finally  the  remaining  portion  of 
the  support  material  is  deposited  and  the  layer  is  planed  (Fig.  5c).  In  general,  for  layers  containing 
a  combination  of  undercut  and  non-undercut  surfaces,  the  individual  materials  have  to  be  split 
into  smaller  segments.  Each  segment  contains  undercut  surfaces  only  in  those  areas  which  are 
adjacent  to  previously  deposited  segments  of  the  layer. 


3 


Figure  5:  Manufacture  of  arbitrary  layers 


Figure  6  shows  a  comparison  of  cross-sections  of  the  part  manufactured  with  SFF  techniques 
and  Shape  Deposition.  While  SFF  needs  a  relatively  large  number  of  layers  Shape  Deposition  can 
produce  thicker  layers  and  eliminates  the  stairstep  texture  of  the  surface. 


Figure  6:  Comparison  between  SFF  and  Shape  Deposition 


Microcasting 

Thermal  deposition  technologies  have  been  investigated  in  SDM  in  order  to  produce  high 
quality  material.  However,  conventional  deposition  approaches  including  thermal  spraying  and 
welding  have  several  limitations.  The  molten  droplets  created  by  thermal  spraying  are  relatively 
small  (order  of  magnitude  50  pm)  and  therefore  do  not  contain  enough  heat  to  remelt  the  underly¬ 
ing  surface.  Instead,  mechanical  bonds  are  predominately  formed,  and  adhesive  and  cohesive 
strength  are  relatively  low.  While  this  leads  to  undesirable  material  properties,  the  low  heat  trans¬ 
fer  into  the  substrate  preserves  previously  shaped  layers.  In  contrast,  weld-based  deposition 
approaches,  such  as  MIG  or  plasma  welding,  locally  remelt  the  substrate  where  the  feedstock 
material  is  deposited,  thus  forming  metallurgical  bonds.  However,  the  relatively  large  heat  trans¬ 
fer  will  affect  the  shape  of  underlying  material. 

A  compromise  between  thermal  spraying  and  welding  is  required  to  achieve  metallurgical 
bonding  without  destroying  underlying  geometries.  Microcasting  is  a  droplet-based  deposition 
process  which  addresses  this  challenge.  In  contrast  to  the  droplets  produced  with  thermal  spray¬ 
ing,  microcast  droplets  are  relatively  large  (1  to  3  mm  dia.).  They  contain  sufficient  heat  to  remain 
significantly  superheated  until  impacting  the  substrate,  and  rapidly  solidify  due  too  significantly 
lower  substrate  temperatures.  The  microcasting  apparatus  can  be  implemented  with  conventional 
welding  equipment  configured  in  a  non-transferred  mode  [11],  Microcasting  creates  a  stream  of 
individual  droplets  at  a  rate  between  1  and  5  droplets/second.  By  controlling  the  superheat  of  the 
droplets  and  the  substrate  temperature,  conditions  can  be  attained,  such  that  the  impacting  drop- 
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lets  superficially  remelt  the  underlying  material  (on  the  order  of  10  |im  deep)  [6]  leading  to  metal¬ 
lurgical  interlayer  bonding. 

Microcasting  is  used  to  deposit  not  only  the  primary  material  but  also  the  material  for  the 
support  structure.  One  suitable  combination  of  materials  is  stainless  steel  for  the  main  material 
and  copper  for  the  support  structure.  The  copper  support  structure  is  etched  away  with  nitric  acid 
after  the  part  has  been  completed.  When  the  stainless  steel  is  deposited  it  does  not  deeply  pene¬ 
trate  the  copper  because  of  the  high  thermal  conductivity  of  copper.  On  the  other  hand,  the  copper 
does  not  deeply  penetrate  the  stainless  steel  because  of  its  lower  melting  temperature  [7]. 

Discussion  of  Thermal  and  Stress-Related  Issues 

Key  issues  in  shape  deposition  manufacturing  originate  from  temperature  gradients  caused 
by  fusing  molten  droplets  onto  previously  deposited  layers.  As  described  earlier,  for  the  establish¬ 
ing  of  a  solid  bond  the  molten  droplets  need  to  be  superheated  such  that  they  can  remelt  a  thin  sur¬ 
face  layer  immediately  after  impact.  Heat  transfer  calculations  to  determine  the  conditions  for 
remelting  have  shown  an  inverse  relationship  between  minimum  droplet  temperature  versus  min¬ 
imum  substrate  temperature  [6].  Intuitively  obvious,  if  the  droplet  temperature  goes  down  the 
substrate  temperature  needs  to  be  increased  accordingly.  However,  due  to  the  latent  heat  there  is  a 
threshold  temperature  below  which  the  droplets  will  crystallize  without  remelting  the  underlying 
solid.  Experiments  have  confirmed  these  calculations. 

Temperature  gradients  in  layered  material  deposition  are  always  associated  with  internal 
stresses  or  distortions.  Imagine  bonding  a  hot  piece  of  material  on  top  of  a  substrate  with  a  lower 
temperature.  After  both  pieces  have  cooled  down  and  converged  to  the  same  temperature  the 
material  portion  which  was  originally  hotter  will  have  contracted  more  then  the  colder  one.  This 
puts  the  hotter  piece  in  a  state  of  tension  while  the  colder  piece  will  be  equivalently  compressed. 
Unless  external  forces  such  as  the  sacrificial  support  material  or  material  layers  underneath  lock 
the  joined  material  layers  in  place  they  will  bend  upwards  until  having  reached  static  equilibrium. 
Problems  like  this  occur  in  a  variety  of  manufacturing  applications  ranging  from  welding  or  ther¬ 
mal  spraying  to  the  fabrication  of  VLSI  chips  and  other  Solid  Free  Forming  processes  such  as 
Selective  Laser  Sintering  or  Shape  Melting.  One  goal  in  Shape  Deposition  Manufacturing  is  to 
compensate  for  the  tensile  stress  in  the  upper  most  layer  by  introducing  a  compressive  stress.  In 
materials  which  can  be  plastically  deformed  such  as  metals  this  can  be  accomplished  through  shot 
peening  [8].  Ideally,  the  impacting  shots  create  a  plastic  shear  wave  which  traverses  to  the 
remelted  zone  eliminating  the  elastically  stored  tension  energy.  In  practice,  this  is  difficult  to  real¬ 
ize  and  in  all  likelihood  a  thin  layer  of  compressively  stressed  material  will  overcompensate  a 
layer  of  residual  tension  stress  right  above  the  remelted  zone. 

Another  means  of  minimizing  temperature  gradients  during  molten  droplet  deposition  is 
increasing  the  substrate  temperature.  However,  the  overall  temperature  of  the  article  embedded  in 
the  sacrificial  support  structure  needs  to  be  kept  below  a  certain  level  to  prevent  melting  of  the 
later.  For  primary/sacrificial  support  material  combinations  which  have  been  investigated  to  date 
the  support  material  had  always  a  melting  temperature  well  below  that  of  the  primary  material  of 
the  target  article.  Planning  material  deposition  strategies  must  take  into  account  these  conflicting 
goals  of  minimizing  temperature  gradients  versus  overheating  and  possibly  melting  the  support 
structure.  A  quantitative  understanding  of  temperature  gradient,  associated  internal  stress  build 
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up,  and  thermal  energy  accumulation  is  a  prerequisite  for  generating  quality  parts  in  Shape  Depo¬ 
sition  Manufacturing. 

Testbed  Facility 

In  order  to  have  the  flexibility  to  investigate  different  subprocesses,  robotic  automation  was 
used  to  implement  the  SDM  process  [9],  The  testbed  facility  (Fig.  7)  consists  of  four  processing 
stations;  CNC  milling,  thermal  deposition,  shot-peening  and  cleaning.  The  growing  parts  are  built 
on  pallets  which  are  transferred  from  station-to-station  using  a  robotic  palletizing  system.  Each 
station  has  a  pallet  receiver  mechanism.  The  part  transfer  robot  places  the  pallet  on  the  receiver 
which  locates  and  clamps  the  pallet  in  place. 


Cleaning 


Figure  7:  Shape  Deposition  lab  configuration 


The  deposition  station  consists  of  an  acoustic  chamber  (for  noise  abatement  and  dust  contain¬ 
ment),  an  air  handling  system  (for  dust  filtration  and  collection)  and  a  robotic  deposition  system. 
The  deposition  robot  is  equipped  with  a  tool  changing  wrist  and  is  able  to  acquire  one  of  several 
different  deposition  torches  which  are  mounted  to  a  docking  mechanism.  The  current  sources 
include  arc  and  plasma  sprayers,  as  well  as  MIG,  plasma  and  ‘microcasting’  welders.  To  deposit 
material,  the  robot  picks  up  the  appropriate  torch  and  manipulates  it  over  the  growing  shape. 

The  shaping  station  is  a  5-axis  CNC  milling  machine  with  an  21 -head  tool  changer  mecha¬ 
nism  (i.e.,  it  can  automatically  acquire  one  of  21  different  end-mills).  The  hydraulically-actuated 
receiver  used  in  this  station  is  able  to  repeatedly  locate  the  pallet  within  approximately  0.0002 
inches.  When  cutting  fluids  are  used  in  milling  operations,  the  pallet  is  then  transferred  to  a  clean¬ 
ing  station  to  remove  residuals.  The  shot  peening  station,  which  uses  a  conventional  pressurized 
media  delivery  system,  also  incorporates  grit-blasting  capabilities  for  surface  preparation  prior  to 
conventional  spraying  operations 
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Examples 


While  the  Shape  Deposition  process  is  at  an  early  stage  of  development,  we  have  built  sev¬ 
eral  test  parts.  For  example.  Figure  8  shows  a  complexly  shaped  artifact  which  was  made  for  the 
IMS  (Intelligent  Manufacturing  Systems)  consortium.  This  is  a  308  stainless  steel  part  which  was 
embedded  in  sacrificial  copper  support  material. 


Figure  8:  IMS-T2 


Data  from  mechanical  testing  of  this  material  combination  on  individual  tensile  test  speci¬ 
mens  is  shown  in  Table  1.  The  tensile  strength  for  308  weldments  is  specified  at  597.2  MPa  (86.6 
ksi),  the  yield  point  at  399.9  MPa  (58.0  ksi)  and  the  elongation  at  35%.  The  average  tensile 
strength  of  microcast  308  is  thus  17%  higher,  the  yield  point  is  20%  higher,  and  the  elongation  is 
28%  higher.  While  layer  to  layer  bonding  strength  has  not  been  tested  yet,  metallographic  evi¬ 
dence  suggests  metallurgical  bonding  between  the  layers. 


tensile  strength 
[MPa]  ([ksi]) 

0.2%  offset  yield 
[MPa]  ([ksi]) 

elongation 

[%] 

min. 

663.2  (96.2) 

406.9  (59.0) 

34.1 

avg. 

677.2  (98.2) 

481.1  (69.8) 

44.8 

max. 

685.7  (99.5) 

499.5  (72.4) 

58.4 

Table  1 :  Tensile  test  results  for  308  stainless  steel 


Conclusions 

The  implementation  of  a  testbed  facility  and  the  creation  of  several  test  parts  have  demon¬ 
strated  the  feasibility  of  Shape  Deposition  Manufacturing.  However,  several  issues  must  be 
addressed  to  realize  the  creation  of  fully  functional  shapes.  In  the  current  microcasting  setup  there 
is  no  direct  control  of  the  temperature  of  the  underlying  substrate  or  of  the  droplet’s  temperature, 
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size  and  trajectories.  This  results  in  several  problems  which  can  lead  to  the  existence  of  voids  in 
the  deposited  material  and  excess  remelting.  To  reliably  create  high  quality  deposits,  a  closed  loop 
control  system  must  be  developed.  The  issues  involving  residual  stress  buildup  during  deposition 
have  to  be  identified,  and  the  influence  of  shot-peening  must  be  further  investigated. 
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Abstract 

The  production  of  metallic  and  ceramic  parts  with  RP  technologies  is  requested. 
Multiphase  Jet  Solidification  (MJS)  is  a  process  which  reveals  good  results  to  develop  a 
commercial  system  due  to  this  task.  Daw  viscous  materials  (liquefied  substances  or 
powder-binder-pastes)  are  extruded  through  an  x-y-z-controlled  jet  and  parts  of  different 
materials  e.g.  stainless  steel  are  fabricated  layer  by  layer  up  to  the  final  extension.  The  basic 
principle  of  the  process  and  the  current  results  will  be  presented.  A  slice  format  was 
designed  for  MJS,  but  it  is  also  usable  for  other  RP  technologies.  The  goal  is  the 
development  of  a  general  slice  interface  for  RP. 

Introduction 

Two  Institutes  of  the  Fraunhofer  Gesellschaft,  the  Institute  for  Manufacturing 
Engineering  and  Automation  in  Stuttgart  (IPA)  and  the  Institute  for  Applied  Materials 
Research  in  Bremen  (IFAM)  are  developing  an  RP  process  suitable  to  produce  metallic  and 
ceramic  parts  directly.  The  sum  of  the  experiences  in  manufacturing  engineering  and 
information  processing  at  IPA  and  those  in  material  research  at  IFAM  turned  out  to  build  a 
good  team  to  achieve  this  aim.  After  some  preliminary  examinations  of  different  ideas  the 
working-principle  was  developed  and  named  ’’Multiphase  Jet  Solidification  (MJS)”.  The 
working-principle  will  be  explained  in  the  first  section  and  the  results  by  producing  parts 
with  a  first  apparatus  assembled  and  tested  at  IFAM  will  be  shown.  Subject  of  the  second 
section  are  examinations  and  developments  in  information  processing.  A  slice  format  is,  as 
in  most  RP  systems,  base  for  the  computation  of  the  NC  code  for  MJS.  Aim  of  the  current 
work  is  a  slice  format  suitable  for  RP  processes  in  general,  whereby  a  first  implementation 
was  realized  and  tested  to  run  MJS.  The  next  task  is  the  coordination  of  the  different 
contributions  to  a  ’de  facto’  slice  standard.  Such  a  standard  is  necessary,  but  its  syntax  and 
contents  have  still  to  be  discussed. 


Principle  of  MJS 

The  basic  idea  is  to  extrude  material  through  a  jet,  similar  to  other  apparatus  such  as 
the  3D  Modeler  of  Stratasys  or  the  Model  Maker  of  Sanders  Prototype.  In  contrast  to  these 
techniques  the  production  of  metallic  and  ceramic  parts  is  the  main  aim  of  this  development. 
Because  of  technological  limits,  pure  materials  with  a  high  melting  point  can  not  be 
liquefied  with  the  apparatus.  Additional  to  the  liquefied  pure  material, 
powder-binder-mixtures  are  used,  if  the  melting  point  of  the  material  is  too  high.  In  any 
case  the  material  (mixture)  is  heated  above  its  solidification  point  and  deposited  layer  by 
layer.  The  melted  substance  solidifies  when  it  gets  into  contact  with  the  platform  or  the 
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previous  layer  due  to  temperature,  pressure  decrease  and  heat  transfer  to  the  part  and  the 
environment. 

For  the  present  research  a  simple  apparatus  is  used  to  test  the  general  feasibility, 
parameters  of  the  building  process  and  different  materials.  The  main  components  are  an 
x-y-z-computer  controlled  positioning  system  (machine  precision  0,0 1  mm,  axis 

traversing  500*540*175  mm3),  a  heated  chamber  and  a  jet  system.  The  chamber  is 
temperature-stabilized  and  can  be  varied  within  a  range  of  70  degree  to  220  degree  Celsius. 
The  material  is  supplied  as  powder,  pellets  or  bars.  The  material  flow  is  controlled  by  a 
piston  pressing  the  viscous  material  through  the  jet.  The  first  test  apparatus  is  shown  in 
figure  1. 


Figure  1:  Alpha  apparatus  of  Multiphase  Jet  Solidification 


Production  by  liquefaction  of  metals 

Metallic  parts  with  a  low  melting  point  are  directly  fabricated  by  deposition  out  of  the 
molten  phase.  The  first  experiments  were  accomplished  with  tin-bismuth  alloys  (melting 
temperature  up  to  180  degree  Celsius)  which  are  normally  used  for  mould  making  and  metal 
spraying.  The  microstructure  of  parts  shows  a  good  bonding  between  the  layers. 

The  accuracy  of  the  parts  is  still  limited  due  to  the  low  viscosity  and  the  surface 
tension  of  liquid  metal.  Therefore,  the  liquid  metal  contracts  directly  after  the  extrusion 
before  solidification.  First  experiments  by  alloying  particles  into  the  metal  in  order  to 
increase  the  viscosity  are  very  promising. 

The  melting  temperature  of  industrial  relevant  materials  like  metals,  e.g.  zinc  and 
aluminium,  is  much  higher  than  this  of  the  tested  alloys.  Therefore,  it  is  an  important  task  to 
improve  the  apparatus  towards  higher  temperatures. 
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Deposition  of  powder-binder  mixtures 

To  produce  prototypes  of  materials  with  higher  melting  points  like  ceramics  and  the 
most  metallic  alloys  the  use  of  powder-binder  mixtures  reveals  good  results.  First, 
prototypes  made  of  stainless  steel  were  fabricated  via  a  powder-binder  mixture.  At  a  certain 
temperature  of  about  100  degree  Celsius  the  mixture  has  a  suitable  viscosity  to  extrude  it  via 
a  nozzle.  Because  of  low  surface  tension  the  material  can  be  deposited  very  exactly  without 
contraction.  Subsequently  the  green  parts  are  processed  like  a  metal  injection  moulded 
(MIM)  part  by  debinding  and  sintering  to  final  density.  The  microstructure  and  the 
mechanical  properties  of  the  prototypes  are  comparable  to  MIM  parts. 


Figure  2:  MJS  parts  in  stainless  steel 


The  accuracy  of  the  parts  is  higher  than  of  the  liquefied  metal  process.  The  material 
behaviour  of  the  mixture  allows  a  greater  overhang  angle.  But  volume  shrinkage  of  about 
30%  due  to  sintering  must  be  taken  into  account  when  generating  the  control  data.  In  MIM, 
the  mixture  is  pressed  with  a  high  velocity  into  a  mould.  Powder-binder  segregation  caused 
by  the  different  densities  of  metal  powder  and  binder  could  often  be  observed.  In  MJS,  this 
turned  out  to  be  no  problem  because  of  the  low  velocity  of  the  material  through  the  jet  in 
comparison  with  MIM.  A  further  advantage  is,  that  the  green  parts  can  be  easily  finished  to 
a  very  smooth  surface.  Figure  2  displays  sintered  metallic  parts  (average  diameter  is  about 
60  mm)  out  of  stainless  steel. 

During  sintering,  special  care  has  to  be  taken  to  avoid  distortion  by  reducing  the 
friction  between  the  part  and  the  support.  The  wall  thickness  of  the  prototypes  is  currently 
limited  to  about  15  mm  due  to  the  debinding-process.  If  thicker  areas  are  necessary,  it  is 
possible  to  use  hatches  instead  of  filling  the  entire  contour.  Optimization  of  the  binder 
components  is  a  further  task  to  increase  the  maximum  wall  thickness. 

Experiments  with  other  powder-binder  mixtures  in  order  to  achieve  titanium  and 
copper  parts  have  been  carried  out.  The  process  turned  out  to  be  practicable  for  a  wide  range 


of  materials.  Also  the  production  of  ceramic  parts  like  alumina  and  silicon  carbide  is  in 
development. 

The  alternative  to  the  sintering  is  the  infiltration  process.  The  debinded  metallic  part 
can  be  infiltrated  by  a  second  metal  with  a  lower  melting  temperature.  This  metal  is  sucked 
up  by  the  part  due  to  a  capillary  effect.  The  benefit  of  this  process  is  the  fact  that  there  is  no 
need  to  account  shrinkage. 


Data  preparation  for  RP 

For  discussions  and  developments  on  data  handling  in  RP  it  is  important  to  consider 
the  present  global  activities  in  developing  the  common,  object  oriented  ’Standard  for  the 
Exchange  of  Product  Model  Data’  (STEP)  /l/.  In  the  future,  the  data  describing  geometry, 
topology,  features,  materials,  tolerances,  etc.  can  be  used  for  the  planning  and  rapid 
production  of  prototypes.  The  direct  link  to  different  technologies  e.g.  Virtual  Reality,  CAM 
and  CAQ  with  one  common  throughout  data  model  will  become  possible.  In  a  common 
project  of  several  Fraunhofer-Institutes  activities  to  develop  a  STEP  based  data  handling  in 
RP  will  start  this  year.  But  international  standardization  needs  a  lot  of  time.  Until  STEP  is 
applicable  for  RP,  the  industry  needs  fast  and  suitable  solutions  fitting  the  different 
applications  best.  The  data  handling,  which  will  be  discussed  here,  could  be  seen  as  an 
interim  step  until  STEP  is  spread  off  in  industry.  Furthermore,  the  results  in  developing, 
using  and  testing  the  data  format  of  this  interim  step  will  lead  to  a  practical  experience  which 
inputs  to  the  development  of  a  STEP  Application  Protocol. 

The  exchange  of  the  RP  relevant  geometry  information  of  parts  between  CAD  systems 
is  based  on  3D  data,  e.g.  neutral  data  models  (Initial  Graphics  Exchange  Specification 
(IGES),  interfaces  of  the  ’  Verband  der  deutschen  Automobilindustrie’  -  VDA-FS,  VDA-IS 
-  /2/,  etc.)  or  facet  formats  developed  for  RP  (STL,  CFL,  etc.).  Slice  routines  exist  or  all 
these  formats.  But  the  commonly  used  facet  format  is  STL.  Nearly  all  related  CAD  vendors 
offer  an  STL  interface.  The  disadvantages  of  the  STL  syntax  are  sufficiently  discussed. 
Nevertheless,  there  is  no  need  for  a  new  ’de  facto’  facet  standard  for  RP.  Time  and  energy  to 
spread  off  a  new  facet  format  is  very  high  compared  with  the  benefits.  Other  facet  formats, 
fitting  some  applications  better  should  be  used  individually,  but  should  not  be  used  or  spread 
off  as  an  exchange  format.  Experience  made  in  RP  or  other  areas  using  facet  formats  (e.g. 
Virtual  Reality  and  Finite  Element  Methods)  should  be  included  in  the  developments  of 
STEP.  Nevertheless,  benefits  of  individual  facet  solutions  in  special  application  will  be 
demonstrated  later  by  the  example  of  reverse  engineering. 

An  essential  point  of  the  interim  data  handling  is  a  ’de  facto’  standard  for  slice 
information  additional  to  STL!  Direct  CAD  slice  interfaces  become  even  more  important. 
Unfortunately,  there  is  a  wide  range  of  variations  in  slice  formats.  Nearly  every  vendor  uses 
its  own  slice  format  e.g.  SLC,  CLI,  HPGL.  The  content  of  this  different  slice  formats  varies 
from  pure  geometry  information  up  to  machine  specific  data. 

Figure  3  gives  an  overview  of  the  data  handling  using  one  common  facet  format  and 
one  common  slice  format.  The  most  important  benefit  of  the  two  ’de  facto’  standards  will  be, 
that  users  will  have  the  choice  to  select  the  data  handling  (direct  slice  interface  or  slicing  of 
STL)  depending  on  which  one  fits  their  problems  best. 
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Figure  3  :  Data  handling  in  RP 


The  opinions  on  direct  slicing  and  on  slicing  of  facets  break  up  in  a  wide  range, 
dependant  on  experiences,  habits  and  strategical  aims.  From  a  mathematical  point  of  view, 
there  is  no  difference.  The  accuracy  depends  on  the  quality  of  the  software  and  not  on  the 
choice.  The  mathematical  expenditure  to  compute  a  facet  format  and  slice  it  afterwards  is  in 
general  equal  to  the  direct  slicing.  In  practise,  there  are  a  lot  of  differences  in  quality, 
ergonomics,  time  and  costs  dependant  on  the  available  software  and  on  the  special 
application.  In  our  opinion,  the  users  should  be  able  to  decide  themselves.  But  in  fact,  the 
users  mostly  do  not  have  the  choice,  because  there  is  a  lack  of  a  de  facto  slice  standard  and 
due  to  this,  a  lack  of  software  tools  supporting  direct  slicing. 


Improved  facet  description  for  reverse  engineering 

Reverse  engineering  plays  an  important  role  in  Rapid  Product  Development. 
Independant  of  the  individual  sensor  the  result  of  the  digitizing  process  is  point  data. 
Software  for  automatic  detection  and  computation  of  regular  geometries  and  freeform 
surfaces  based  on  a  spline  description  is  complex  and  difficult  to  realize.  The  current 
available  solutions  are  limited  in  their  abilities.  As  shown  in  figure  3,  an  alternative  to  link 
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digitizing  to  RP  is  to  compute  a  facet  presentation  of  the  geometry.  A  problem  is,  that  a  part 
has  to  be  measured  from  different  views.  The  result  is  a  number  of  records  with  overlapping 
areas.  The  hardware  installation  and  software  at  IPA  enables  to  compute  a  facet  description 
of  the  measured  areas.  Contraction  of  the  point  data  set  and  smoothing  of  the  surface  is  also 
possible.  Furthermore,  a  software  tool  to  handle,  to  change  and  to  close  the  surface 
according  to  different  applications  was  developed. 

The  objective  of  this  tool  will  become  clear  with  the  following  example  of  application. 
’’The  hilt  of  a  butcher  knife  is  often  designed  by  manual  manufacturing  of  a  physical  model. 
A  property  of  this  model  is,  that  one  side  of  the  hilt  is  not  the  exact  reflecting  surface  of  the 
other.  So,  the  first  step  to  produce  a  prototype  is  to  determine  the  better  side  and  to  digitize  it 
from  selected  directions.  The  point  data  set  leads  to  a  facet  file  describing  the  better  side  of 
the  hilt  and  due  to  the  measurement  process  some  areas  of  the  other  side.  To  achieve  a  closed 
description  of  the  whole  hilt  the  facet  file  has  to  be  limited  by  a  plane  and  the  mirror  image 
has  to  be  computed.” 

Data  files  in  reverse  engineering  do  not  seldom  have  millions  of  facets.  Therefore, 
speed  is  an  important  request  for  the  software  tools.  The  STL  format  turned  out  to  be  less 
suitable  to  that  issue.  Access  time  to  selected  information  is  too  slow.  Therefore  we  use  an 
own  format  designed  for  this  demand.  Similar  to  CFL  we  have  a  list  with  the  values  of  all 
points.  The  triangles  are  described  using  the  numbers  of  the  edge  points.  In  addition,  we  sort 
the  triangles  related  to  the  software  tools  used  for  special  applications.  Optional  files 
describing  the  sorted  stock  enable  very  quick  algorithms  to  handle  the  facet  information.  If 
we  use  our  facet  format,  sort  it  according  to  the  application  and  do  the  mapping  to  an  STL 
file  at  the  end,  it  turned  out  that  this  way  is  much  faster  than  handling  the  STL  file. 


Neutral  slice  format 

Slices  are  the  lowest  common  denominator  among  RP  systems.  For  several  reasons  the 
users  request  for  a  neutral  slice  format  becomes  even  higher.  The  choice  between  different 
RP  systems  in  product  development  increases.  Users  want  to  apply  the  same  software  for 
different  RP  systems  as  well  as  they  prefer  direct  slice.  Some  benefits  of  a  ’de  facto’  slice 
format  are: 

Q  Software  developers  have  free  access  to  the  syntax.  The  free  access  simplifies  the 
development  of  software  tools  improving  the  data  handling.  For  the  users  the  choice 
between  different  software  tools  would  raise. 

□  CAD  vendors  are  surely  more  willing  to  develop  a  slice  interface,  if  there  is  one 
common  format. 

Ql  In  medical  application  the  output  of  tomographs  is  slice  information.  A  common  direct 
link  to  nearly  all  RP  systems  would  be  available. 

□  Corrections  of  failures  in  the  geometry  description  are  easier  to  make  in  some  cases. 

Q  In  developing  new  RP  systems  there  is  no  need  to  develop  an  individual  sheer. 

Admittedly,  there  are  a  lot  of  applications  where  the  use  of  slice  information  has 
disadvantages.  One  is  that  it  is  not  usable  to  exchange  geometry  information  for  LOM, 
because  the  slice  thickness  varies  online  during  the  process.  Furthermore,  there  are 
disadvantages  in  manipulating  the  part  e.g.  rotating  of  sliced  parts.  But  once  again,  it  should 
not  replace  a  facet  format  but  it  should  supplement  it.  The  decision  which  one  to  use  for  the 
different  applications  is  task  of  the  users. 
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Examinations  to  such  a  slice  format  were  done  in  a  European  project.  The  format 
requirements  and  the  results  have  been  published  /3/.  The  format  Layer  Exchange  ASCII 
Format  (LEAF)  was  developed  but  has  not  been  realized.  It  has  an  object  oriented  structure 
where  instances  of  an  object  of  given  classes  can  be  created.  The  only  2D  primitive 
supported  by  LEAF  are  polylines.  The  physical  representation  of  LEAF  uses  keywords 
determining  the  following  syntax. 


Slice  file 


Layer 


2D  primitives 


Figure  4  :  Object  class  tree  of  LEAF  131 


Further  work  was  done  in  another  European  project.  Recently  CLI,  the  slice  format  of 
EOS,  has  been  improved.  The  new  version  should  be  suitable  for  most  RP  systems.  System 
dependant  information  can  be  presented  in  the  header  section.  Unfortunately,  the  latest 
version  is  not  distributed  until  now,  so  a  final  comment  is  not  possible. 

One  task  of  the  slice  format  at  IPA  is  to  run  MJS  as  well  as  a  Laser  Modeling  System 
of  Fockele  &  Schwarze.  The  second  task  is  to  get  experience  for  the  development  of  the  slice 
part  of  an  RP  STEP  Application  Protocol.  Therefore,  an  object  class  tree  (figure  4)  as  it  is 
used  in  LEAF  is  the  basic  structure,  too.  The  slice  file  should  describe  the  product’s 
geometry.  However,  the  geometry  of  the  RP  part  often  deviates  from  this  according  to  a 
special  application.  For  investment  casting  the  stereolithography  part  is  produced  with  the 
QuickCast  build  style  or  only  the  shell  of  the  part  is  produced.  With  MJS  it  is  often  of 
advantage  to  use  special  fill  strategies  due  to  the  following  sinter  process.  E.g.  the  format 
must  be  capable  to  contain  this  information. 

Regular  geometries  are  often  sliced  in  direct  slice  processes.  Therefore,  the  slice  result 
is  a  summary  of  regular  2D  primitives,  e.g.  lines,  arcs,  circles  and  ellipses.  These  primitives 
should  be  handled  as  primitives  and  not  as  a  sum  of  polygon  lines  due  to  storage  space. 

Good  experience  was  maid  with  a  structure  that  allows  a  direct  link  between  ’inner’ 
borders  to  the  surrounding  ’outer’  border  (figure  5).  The  computation  of  NC  code  turned  out 
be  easier  and  faster. 


start  outborder  1 
line  ... 
line  ... 

start  inborder  1 
circle ... 
start  inborder  2 
line  ... 

start  inborder  3 
circle 

start  outborder  2 

start  outborder  3 
circle  ... 
start  inborder  1 
circle ... 


Figure  5:  Slice  and  diagrammatic  structure  of  slice  2D  primitives 


15 


Efforts  to  bring  the  experience  of  CLI,  LEAF  and  those  made  during  the  design  of 
IPA’s  format  together  and  to  coordinate  the  activities  were  started.  Different  questions  about 
contents  and  syntax  of  the  format  have  to  be  discussed.  But  it  will  surely  be  a  compromise 
between  the  demand  to  an  early  available  format  and  the  demand  to  a  ’perfect’  format. 
Nevertheless,  long  term  aim  is  STEP. 


Conclusion 

The  advantage  of  the  MJS-process  is  the  high  flexibility  of  materials,  e.g.  high 
melting  metals  and  ceramics,  and  the  simplicity  of  the  apparatus.  The  future  developments 
will  improve  accuracy  and  the  number  of  materials. 

The  applications  of  the  RP  technologies  are  still  increasing.  Easy  and  free  choice  of 
RP  systems  and  available  software  tools  fitting  to  the  special  equipment  and  application  of 
the  users  is  required.  The  acceptance  of  a  ’de  facto’  slice  standard  by  all  RP  vendors  would 
probably  improve  the  present  situation  in  data  handling.  Both  a  facet  and  a  slice  description 
should  be  part  of  a  STEP  based  data  handling  in  RP 
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ABSTRACT 

Lone  Peak  Engineering  (LPE)  has  demonstrated  the  feasibility  of  using  solid  freeform 
fabrication  to  prepare  advanced  structural  ceramics  using  a  laminated  object  manufacturing  (LOM) 
technique.  High  purity,  high  density  alumina  ceramic  components  were  successfully  made  using  the 
LOM  process.  The  properties  of  the  laminated  object  manufactured  (LOMed)  components  were  very 
similar  to  the  physical  and  mechanical  properties  of  alumina  ceramics  that  were  prepared  by  a 
conventional  pressing  process.  The  LOMed  ceramics  were  also  very  similar  in  properties  to 
commercially  available  alumina  ceramics. 


INTRODUCTION 

A  variety  of  techniques  have  been  developed  to  produce  parts  and  prototypes  directly  from  a 
computer-aided  drawing  (CAD).  The  overall  process  is  called  by  a  number  of  names,  including 
desktop  manufacturing,  rapid  prototyping,  freeform  fabrication  and  flexible  manufacturing.  Some  of 
these  techniques  are  being  examined  for  structural  ceramics.  Lone  Peak  Engineering  has  successfully 
demonstrated  the  use  of  one  technique,  laminated  object  manufacturing  (LOM),  to  manufacture 
advanced  structural  ceramics. 

The  LOM  process  and  equipment  were  originally  designed  to  produce  parts  from  paper.  Using 
a  modified  LOM  machine3 ,  tape-cast  ceramic  sheets  are  being  used  by  LPE  to  manufacture  ceramic 
parts.  The  LOM  machine  uses  a  computer-controlled  laser  to  cut  the  green  ceramic  tape.  The  cutting 
path  of  the  laser  is  determined  from  a  computer-generated  solid  model  of  the  part  being  manufactured. 
The  solid  model  is  sliced  into  a  number  of  cross-sections  from  the  bottom  of  the  part  to  the  top.  The 
laser  cuts  the  ceramic  tape  to  create  each  cross-section.  A  new  layer  of  green  tape  is  laminated  to  the 
previous  layers  and  then  the  laser  cuts  the  next  sheet.  The  laser  cuts  only  the  new  layer.  The  process  is 
repeated  layer-by-layer  until  the  parts  are  finished.  Excess  material  surrounding  the  part  is  removed 
and  binder  chemicals  are  removed  thermally.  The  LOMed  ceramic  parts  are  then  sintered  to  high 
density  in  a  conventional  sintering  furnace. 

Lone  Peak  Engineering  has  demonstrated  that  it  is  possible  to  produce  parts  in  a  matter  of  days 
as  opposed  to  the  weeks  or  months  that  are  required  by  conventional  ceramic  processing  methods. 
LPE’s  experience  to  date  indicates  that  a  print-to-part  time  of  seven  days  is  feasible.  The  process 
under  development  is  flexible  and  suitable  for  ceramic  material  in  virtually  any  configuration.  The 
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ability  to  rapidly  prototype  ceramic  components  via  the  LOM  process  will  expand  the  range  of 
applications  being  considered  for  ceramic  materials. 

This  paper  describes  a  ceramic  LOM  process  currently  under  development  at  LPE.  The 
physical  and  mechanical  properties  of  the  LOMed  ceramics  are  compared  to  ceramics  prepared  by  a 
conventional  pressing  technique.  The  potential  to  manufacture  complex-shaped  components  by  the 
LOM  process  is  also  shown. 


EXPERIMENTAL  PROCEDURE 

Two  processes  were  used  to  prepare  ceramic  specimens  for  this  demonstration.  One  set  of 
specimens  was  prepared  by  the  laminated  object  manufacturing  process,  while  the  other  set  was 
prepared  by  a  conventional  powder-pressing  process.  Most  of  the  specimens  prepared  in  this  project 
were  rectangular  bars,  however,  some  other  more  complicated  parts  were  also  prepared  by  the  LOM 
process. 


The  only  difference  between  the  LOM  and  conventionally-prepared  parts  was  the  method  used 
to  form  the  green  parts.  The  same  alumina  powder  (Al203)a  was  used  in  both  methods.  Once  the 
green  specimens  were  formed  by  the  different  methods,  the  binder  removal,  sintering,  and  evaluation 
processes  were  identical  for  the  LOMed  and  conventionally-formed  specimens.  Process  steps  specific 
to  LOM  and  to  the  conventional  processes  are  described  in  the  next  sections.  Steps  common  to  both 
processes,  binder  removal,  sintering  and  evaluation,  are  described  in  later  sections. 


Laminated  Object  Manufacturing 

Prior  to  manufacturing  ceramic  parts,  CAD  drawings  of  the  parts  were  prepared.  A  solid 
model  of  the  part  was  created  and  converted  to  the  .STL  format.  The  .STL  file  was  used  by  the  LOM 
software  to  control  the  LOM  process. 


Thin  sheets  of  alumina  were  prepared  by  tape  casting  using  a  proprietary  process.  The  alumina 
powder  was  mixed  with  an  organic  binder  system  using  a  ball  mill.  The  resulting  slurry  was  cast 
into  thin  tapes.  A  doctor  blade  was  used  to  control  the  tape  thickness  to  approximately  0.01 5mm. 
Squares,  10  x  15  cm,  were  cut  from  the  tape-cast  roll. 

The  LOM  procedure  to  form  ceramic  parts  consisted  of  several  steps.  The  LOM  process  was 
originally  developed  to  make  components  from  paper  and  plastic.  The  process  is  shown  schematically 
in  Figure  1 .  The  sheet  material  is  rolled  into  place  and  adhered  to  the  previous  layer.  During  this 
demonstration,  LPE  used  green  ceramic  tape-casts  sheets  that  were  initially  placed  by  hand  onto 


aGrade  A-16SG,  Alcoa,  Inc.,  Pittsburgh,  PA. 
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Figure  1.  LOM  Schematic 

the  previous  layers4 .  The  system  was  modified  so  that  a  heated  plate  and  pressure  could  also  be  used 
to  assist  layer  lamination.  In  the  LOM  process,  a  laser  cuts  only  the  top  sheet  material  to  outline  the 
part.  The  laser  is  controlled  by  a  sliced  .STL  file.  “Tiles”  are  cut  into  the  surplus  material  to  help  with 
removal  of  the  finished  component.  The  table  containing  the  laminated  layers  is  lowered  slightly  to 
accommodate  the  new  feed  sheet.  The  process  repeats  until  the  part  is  completed.  Eventually,  a 
continuous  roll  of  ceramic  tape  will  be  used  so  that  the  process  can  be  completely  automated  for 
ceramic  components. 

Excess  material  was  removed  from  the  LOMed  parts.  The  green  density  of  the  LOMed  parts 
was  determined  from  the  dimensions  and  mass  of  the  parts  when  possible.  Various  alumina  parts  were 
made  by  the  LOM  process.  Bars  approximately  6  x  6  x  60  mm  in  size  were  prepared.  Complex¬ 
shaped  parts  were  also  made. 


a  The  initial  coated  sheet  was  placed  onto  a  glass  plate,  whereas  subsequent  sheets  were  placed 
onto  the  previous  layers. 
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Conventional  Processing 


The  alumina  powder  was  milled  in  denatured  ethyl  alcohol  with  3  wt%  of  a  polyethylene  glycol 
binder3  to  prepare  it  for  pressing.  The  milling  conditions  were  similar  to  the  conditions  used  to  mill  the 
alumina  sluny  for  tape  casting.  The  milled  alumina  was  dried  and  screened  to  -100  mesh. 

Rectangular  bars  were  prepared  from  the  screened  powder.  The  powder  was  first  uniaxially- 
pressed  in  a  cold  steel  die  to  form  bars,  approximately  6  x  6  x  60  mm.  The  cold-pressed  bars  were 
then  isostatically-pressed  at  207  MPa  (30  Kpsi).  The  dimensions  and  weight  of  the  pressed  bars  were 
measured. 

Binder  Removal  and  Sintering 

The  binder  was  removed  by  thermal  degradation  in  air.  The  LOMed  parts  and  pressed  bars 
were  placed  together  on  alumina  setter  plates.  The  setter  plates  were  placed  inside  a  furnace  and 
heated  to  600°C  to  remove  the  binder.  The  parts  were  sintered  at  1550°C  for  2  hours  in  air. 

Physical  Property  Evaluations 

The  density  and  open  porosity  of  the  sintered  bars  were  determined  by  an  immersion 
technique  .  The  weight  loss  and  shrinkage  were  determined  from  the  physical  measurements  of 
the  sintered  parts.  The  data  are  presented  in  the  Results  section. 

Mechanical  Property  Evaluations 

The  sintered  bars  were  ground  using  a  320-grit  diamond  wheel.  The  grinding  was  done 
parallel  to  the  length  of  the  bar.  These  ground  bars  were  used  to  determine  the  flexure  strength.  Some 
of  the  ground  bars  were  polished  down  to  a  1  mm  finish.  These  polished  bars  were  used  for  the 
hardness  and  fracture  toughness  tests.  Bars  were  prepared  so  that  tests  could  be  conducted  either 
perpendicular  or  parallel  to  the  direction  of  lamination  or  pressing. 

The  flexure  strength  was  determined  in  4-point  bending.  Outside  and  inside  spans  of  40  and  20 
mm,  respectively,  were  used.  The  same  conditions  were  used  to  test  the  LOMed  and  pressed  bars. 

The  hardness  was  measured  using  a  Vickers-type  diamond  indentor  [1],  The  hardness  (H)  was 
determined  from  the  size  of  the  indentation  diagonal  (a)  and  indentation  load  (P)  using  the  following 
equation: 


H  =  2P/(2a)2  (1) 

The  fracture  toughness  was  determined  using  the  indentation-strength  method  [1],  In  this 
method,  the  polished  bars  were  indented  with  the  Vickers  indentor  and  the  hardness  was  determined. 

a  Carbowax  20M,  Union  Carbide,  Danbury,  CT. 

b  ASTM-STD-C373-56. 
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The  flexure  strength  (<jf)  of  the  indented  bar  was  determined  in  bending.  The  fracture  toughness  (Kjc) 
was  calculated  from  the  measured  hardness,  elastic  modulus  (E),  indentation  load,  and  the  flexure 
strength  of  the  indented  bar. 

Kic  =  0 . 5  9(E/H)  1/8(<jfP  1/3)3/4  (2) 

The  elastic  modulus  used  for  these  measurements  was  375  GPa. 

RESULTS  AND  DISCUSSION 

Alumina  ceramic  components  were  successfully  made  by  the  laminated  object  manufacturing 
process  described  above.  The  LOMed  components  were  very  similar  in  physical  and  mechanical 
properties  to  alumina  ceramics  that  were  prepared  by  a  conventional  pressing  process  during  this 
project.  The  LOMed  ceramics  were  also  very  similar  in  properties  to  commercially-available  sintered 
alumina  ceramics. 

Physical  Properties 

The  physical  properties  of  the  LOMed  and  pressed  parts  are  presented  in  Table  1 .  The 
LOMed  and  pressed  parts  sintered  to  very  high  densities.  The  sintered  densities  were  about  equal 
regardless  of  the  forming  process  or  the  material  used  to  form  the  parts.  The  sintered  densities  of  the 
LOMed  and  pressed  parts  shown  in  Table  1  were  similar  to  densities  of  a  commercially-available 
99.5%  alumina,  3.89  g/cc  [2], 

The  other  physical  properties  shown  in  Table  1  are  different.  The  difference  in  green  density, 
weight  loss,  and  shrinkage  can  be  attributed  to  the  different  forming  methods.  For  example,  the  higher 
green  density  of  the  LOMed  parts  was  due  to  the  higher  binder  content  in  these  parts,  which  also 
resulted  in  the  higher  weight  loss  when  the  LOMed  parts  were  sintered. 


Table  1 .  Physical  Properties  of  Alumina  Parts  Made  by  Laminated  Object  Manufacturing 
and  by  Conventional  Pressing. 


Density 


Forming 

Process 

Material 

Green 

g/cc 

Sintered 

Open 

Porositv.  % 

Weight 
Loss.  % 

Shrinkage 

LOM 

Tape 

2.55 

3.88 

1.0 

17.6 

14.1 

Pressed 

Powder 

2.34 

3.89 

0.4 

3.6 

15.8 

The  higher  open  porosity  of  the  LOMed  parts  is  probably  due  to  small  gaps  that  were  observed 
at  the  ends  of  the  bars  where  the  laminating  pressures  were  lower.  These  gaps  have  been  eliminated  in 
more  recent  parts  by  adjusting  the  lamination  conditions. 
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The  microstructure  of  the  LOMed  parts  are  shown  in  Figures  2.  It  is  difficult  to  distinguish  the 
individual  laminated  layers  in  the  microstructure  of  the  LOMed  parts.  The  microstructures 
perpendicular  and  parallel  to  lamination  were  very  similar.  The  microstructure  of  the  LOMed  and 
pressed  parts  were  similar. 


: 

| 

| 


10D  urn 


(a)  Perpendicular 


100  urn 


(b)  Parallel 

Figure  2.  Microstructure  of  LOMed  part 
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Mechanical  Properties 


The  mechanical  properties  of  the  LOMed  and  pressed  bars  are  summarized  in  Table  2.  Tests 
were  conducted  in  both  the  perpendicular  and  parallel  direction  to  lamination  or  pressing.  The 
mechanical  properties  were  very  similar  regardless  of  the  forming  method  used  or  the  direction  the  test 
was  conducted. 

Table  2.  Mechanical  Properties  of  the  LOMed  and  Pressed  Alumina  Bars. 


Vickers 


Forming 

Direction1 

Flexure 

Hardness, 

Fracture  Toughness, 

Process 

of  Test 

Strength.  MPa 

GPa 

MPa-Vm 

LOM 

Parallel 

314 

20.2 

4.3 

LOM 

Perpendicular 

311 

20.1 

3.9 

Pressed 

Parallel 

336 

21.8 

4.0 

Pressed 

Perpendicular 

325 

19.8 

3.7 

Commercial  grade2 


379 


14. 13  4  to  54 


^fhe  test  direction  was  either  parallel  to  the  direction  of  lamination  (pressing)  or  perpendicular  to  it. 
2Data  taken  from  product  data  sheet  for  AD995  (99.5%)  Alumina,  Data  sheet  7164C  FP  20K  2/89, 
Coors  Ceramics  Company,  Golden,  CO. 

3Knoop  hardness  under  a  1000  g  load,  whereas  the  other  hardnesses  shown  in  the  table  were 
measured  using  a  Vickers  indentor. 

4Measured  by  the  single  edge  notched  beam  technique. 

The  mechanical  properties  of  a  commercial-grade  alumina  are  included  in  Table  2  for  reference. 
The  flexure  strength  of  the  LOMed  parts  was  similar  to  the  strength  of  commercially  available 
alumina.  The  hardness  of  the  LOMed  parts  is  higher  than  the  commercial  alumina  but  this  probably 
reflects  the  different  test  methods,  Vickers  versus  Knoop.  The  fracture  toughness  of  the  LOMed  parts 
was  close  to  the  lower  limit  of  the  commercial  material.  This  again  may  be  due  to  the  different  test 
methods  used,  indentation  strength  versus  the  single  edge  notched  beam  method,  rather  than  an 
indication  of  significant  material  differences. 

Complex-Shapes 

The  power  of  the  ceramic  LOM  process  comes  from  the  potential  to  form  complex  shapes 
without  molds  or  dies.  More  complex-shaped  parts,  such  as  illustrated  in  Figure  3,  can  be 
manufactured  by  the  LOM  process. 
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Figure  3.  Complex-shaped  ceramic  components  formed  by  the  LOM  process 

CONCLUSIONS 

Advanced  structural  ceramic  parts  can  be  formed  by  the  LOM  process.  Simple  bars  and  a  few 
complex  shapes  have  been  produced.  The  resulting  physical  and  mechanical  properties  of  the  sintered 
LOMed  ceramic  bars  were  similar  to  ceramics  prepared  by  conventional  powder  pressing.  The 
properties  of  the  LOMed  bars  were  similar  to  commercially  available  alumina. 

FUTURE  WORK 

The  ceramic  LOM  process  is  still  being  developed  at  Lone  Peak.  The  chief  goal  is  to 
completely  automate  the  LOM  process  and  improve  surface  finish  characteristics. 
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Introduction 


The  established  commercially  available  rapid  prototyping  techniques  are  now  well 
known  throughout  the  manufacturing  community.  They  are  able  to  produce  high  quality, 
accurate  prototypes,  but  are  limited  largely  to  processing  polymer,  wax  or  paper  materials. 
Where  a  metal  part  is  required,  then  a  further  process  step,  such  as  investment  casting  using 
the  prototype  part  as  a  pattern  is  required.  As  a  further  point  most  of  the  above  systems  are 
high  capital  cost  dedicated  pieces  of  equipment. 

This  paper  describes  the  use  of  laser  machining  centres  as  rapid  prototyping  tools  in 
the  areas  of,  laminated  prototyping,  using  both  paper  and  metal,  and  laser  forming. 

Laminated  Prototyping 

For  a  number  of  years  there  has  been  a  considerable  amount  of  work  done, 
particularly  in  Scandinavia  and  Japan,  in  producing  laminated  tools  and  dies(1).  The 
principle  is  simple  and  essentially  involves  assembling  a  series  of  laser  cut  profiles  and 
mechanically  fixing  them  together. 

Laminated  prototyping  is  an  adaptation  of  this  technique  to  produce  parts  rather  than 
tooling  and  trials  have  been  carried  out  using  both  paper  and  sheet  steel. 

Laser  Forming 

Laser  forming  is  a  relatively  new  technique®.  It  involves  using  a  high  powered  laser 
to  track  over  the  surface  of  a  sheet  of  metal,  the  track  being  defined  by  the  required 
geometry  of  the  part.  The  laser  parameters  are  set  in  order  to  soften  or  melt  the  upper 
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surface  of  the  metal  whilst  the  lower  surface  is  essentially  unaffected.  The  upper  surface 
is  then  allowed  to  cool,  cooling  may  be  forced  or  natural,  and  as  it  does  so  there  is  a 
contraction,  which  causes  the  sheet  to  deform.  Depending  upon  the  specific  laser 
parameters,  it  has  been  found  that  a  fold  of  2  degrees  from  flat  is  a  typical  of  the 
deformation  that  can  be  expected  from  a  single  pass. 


Experimental  Results 

Laminar  Prototyping.  There  are  essentially  three  stages  involved  in  laminar 
prototyping;  laminar  geometry  generation,  profile  cutting  and  joining  of  laminates. 

Work  at  California  Polytechnic  State  University  has  been  carried  out  using  1.5kW 
C02  laser  machining  centre  0)  and  paper,  polymer  and  sheet  steel  parts  have  been  produced. 

One  of  the  first  parts  processed  was  a  model  of  a  window  frame  extrusion.  As  can  be  seen 
from  Figure  1  the  part  is  relatively  complex,  the  geometry  was  encoded  in  CADKEY  and 
SMARTCAM  was  used  to  generate  the  laser  tool  paths.  The  component  layers  were  cut 
from  2.0mm  New  Board  and  laminated  using  a  spray  on  contact  cement.  Each  layer  took 
approximately  30  seconds  to  cut  and  a  five  layer  part  was  manufactured  in  under  5  minutes. 
A  similar  part  has  also  been  produced  using  polymer  sheet  (see  Figure  2). 


CkM  layer*  of  paper  to  *tMl 


Figure  1  -  Window  Frame  Extrusion 
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Figure  2  -  Window  Frame  Extrusion  Model  Produced  in  Polymer  Sheet 


A  similar  technique  was  used  to  create  a  prototype  golfclub  head,  (see  Figure  3)  the 
layers  of  this  part  were  produced  in  both  paper  and  sheet  steel,  as  yet  the  steel  layers  have 
not  been  joined,  however  there  are  a  number  of  techniques  which  could  potentially  be  used 
to  do  this  including  laser  welding,  brazing  or  soldering  and  adhesive  bonding. 


Figure  3  -  Golfclub  Head 


Work  at  the  University  of  Dundee  has  shown  that  in  practice  conductive  laser  welding 
has  proved  difficult^.  The  main  problem  being  that  in  small  laminae  it  is  extremely 
difficult  to  dissipate  the  excess  heat  rapidly  enough  to  avoid  warping  of  the  part.  This 
problem  is  exaggerated  by  the  desire  to  join  the  laminae,  not  just  at  the  edge,  but  all  over 
the  surface  area.  A  further  problem  is  the  limited  power  of  the  laser  being  used.  It  is 
however  possible  that  conventional  or  laser  spot  welding  may  be  practical  as  a  joining 
technique  in  particular  applications. 

Figure  4  shows  a  test  component  produced  from  six  layers  of  2mm  thick  mild  steel. 
These  layers  have  been  joined  using  a  standard  electrical  grade  solder  paste  in  a  reflow 
process.  In  this  instance  the  paste  was  applied  manually  with  no  special  clamping 
arrangement  and  hence  the  solder  layers  are  slightly  uneven  in  thickness.  Initial  tests  on  the 
solder  bonds  show  them  to  be  reasonably  strong  although  the  load  carrying  ability  is  highly 
dependent  on  the  integrity  of  the  interface  and  the  bond  area. 


Figure  4  -  Soldered  Laminate  Testpiece 
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The  use  of  adhesives  in  engineering  and  structural  applications  is  a  growing  area  of 
interest  and  for  certain  applications  would  be  viable  as  a  joining  technique  for  metal  laminae. 
As  yet  only  general  purpose  adhesives  have  been  experimented  with  and  these  have 
produced  robust  and  handleable  trial  components,  Figure  4  shows  the  component  laminae  and 
adhesively  bonded  structure  of  a  small  square  based  hollow  pyramid. 


Figure  5  -  Individual  Laminae  and  Assembled  Pyramid  Structure 


Laser  Forming.  Forming  trials  have  been  carried  out  using  1mm  and  2mm  thick 
mild  steel  and  304  grade  stainless  steel  sheet.  In  order  to  assess  the  basic  bending  behaviour 
tests  were  carried  out  on  a  40mm  wide  strip  which  was  processed  from  flat  to  a  full  90 
degree  bend.  The  strip  was  passed  under  the  laser  beam  using  an  80mm  forward  and  back 
double  pass  action  (the  80mm  compensates  for  acceleration  and  declaration  of  the  XY  table.) 
The  deflection  against  number  of  double  passes  was  noted  in  each  case.  The  test  was 
repeated  using  different  values  of  material  thickness,  laser  power  and  traverse  speed. 


An  indication  of  the  laser  power  can  be  gained  from  the  pulse  ratio  (which  was  varied 
between  20/200  and  20/50)  and  it  was  found  that  the  more  powerful  setting  resulted  in  the 
90  degree  bend  being  achieved  more  quickly.  Figure  6  shows  the  angle  of  bend  against 
number  of  passer  for  various  laser  pulse  settings  for  1mm  thick  stainless  steel.  Figure  7 
shows  angle  of  bend  against  number  of  double  passes  for  2mm  thick  stainless  steel  for 
various  traverse  feed  rates.  Figure  8  shows  a  typical  bend  produced  in  1mm  and  2mm  thick 
sheet. 


Double  Passes 

Figure  6  -  Angle  of  Bend  Against  Number  of  Double  Passes  of  1  mm  Thick  Steel 

Sheel  at  Various  Laser  Pulse  Settings 


Number  of  D/Passes 


Figure  7  -  Angle  of  Bend  Against  Number  of  Double  Passes  of  2mm  Thick  Steel 

Sheet  at  Various  Traverse  Feed  Rates 
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Figure  8  -  Typical  Bend  in  1mm  and  2mm  Thick  Sheet 


Most  of  the  current  work  has  concentrated  on  forming  from  one  side  only,  it  is 
recognised  that  in  a  fully  developed  working  system  forming  should  be  possible  on  both  sides 
of  the  workpiece.  The  component  shown  in  Figure  9  was  formed  from  both  sides,  the 
flange  sections  were  formed  up  to  90  degrees  from  flat  pre-cut  sheet.  The  walls  were  then 
formed  from  the  other  side  which  then  also  oriented  the  flange  in  the  correct  position.  As 
more  complex  parts  are  produced  using  this  technique  it  becomes  apparent  that  the  order  in 
which  particular  features  are  formed  may  be  critical  to  the  success  of  the  processing  and  this 
consideration  is  likely  to  form  a  significant  part  of  future  work. 


Figure  9  -  Laser  Forming  From  Two  Sides  of  the  Sheet 


As  an  indication  of  the  potential  for  systemising  the  laser  forming  process,  Figure  10 
shows  the  sequential  production  of  a  small  cube  which  has  been  laser  cut  from  sheet,  laser 
formed,  and  could  then  be  laser  welded,  it  is  possible  to  introduce  weld  tabs  into  the 
geometry  to  make  the  welding  process  more  straightforward.  The  estimated  time  for  the 
production  of  the  component  shown  above  is  five  minutes,  from  raw  sheet  to  welded  cube. 
It  is  likely  that  a  laser  manufacturing  system  would  include  a  robot  manipulator  to  facilitate 
the  production  of  more  complex  geometries. 


Figure  10  -  Sequential  Production  of  a  Cube 


Further  Work 

Further  areas  of  investigation  are  clearly  necessary  in  the  work  described  above 
before  either  technique  offers  a  practical  production  system. 

In  the  case  of  laminar  prototyping,  areas  of  development  include  the  refinement  of 
the  methods  for  joining  laminae  in  order  to  make  this  an  integral  part  of  the  process.  Two 
further  areas  are  currently  being  investigated  namely  varying  layer  thickness  so  that  the  build 
is  optimised  with  respect  to  the  profile  geometry,  and  smoothing  the  layer  steps  possibly  by 
using  a  technique  such  as  laser  cladding. 

In  the  area  of  laser  forming  an  interactive  process  modelling  and  empirical  test  system 
is  being  developed. 

Results  obtained  experimentally  are  being  used  to  gain  an  understanding  of  the  basic 
process.  It  is  hoped  then  to  develop  a  more  complete  model,  compensating  for  thermal  and 
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internal  physical  stresses  to  produce  the  desired  geometry.  It  is  hoped  that  this  will  allow 
more  precise  control  of  complex  curved  profiles. 


Conclusions 

Both  laminar  prototyping  and  laser  forming  show  considerable  potential  and  have 
distinct  advantages.  For  example  laminar  prototyping  offers  potential  to  produce  direct 
metal  prototypes  in  a  single  process  and  with  no  problems  in  producing  features  such  as 
overhangs.  However  further  work  is  required  on  methods  of  joining  the  laminae. 

Laser  forming  offers  promise  in  a  number  of  industries,  perhaps  the  most  obvious  is 
sheet  metal  processing  but  other  avenues  as  diverse  as  specialist  electronic  devices  and  aids 
for  reconstructive  surgery  also  show  considerable  potential.  Further  work  is  necessary  in 
dealing  with  non-linear  geometry  and  thick  material,  but  it  is  anticipated  that  with  the 
assistance  of  computer  aided  process  analysis  and  monitoring  a  workable  system  can  be 
developed. 
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Abstract 

This  paper  presents  the  design  and  implementation 
of  a  video  microscopy  system  that  enables  real  time  obser¬ 
vation  and  archival  of  selective  laser  sintering  of  polymer 
and  metal  materials.  The  design  objectives  and  selection  of 
system  components  are  discussed  in  the  first  section  of  this 
paper.  Experimental  results  from  preliminary  experiments 
conducted  on  polycarbonate,  wax  and  nylon  powders  are 
also  presented. 


Introduction 

Current  understanding  of  the  dynamics  of  the  Selective  Laser  Sintering  process  is 
based  upon  theoretical  analysis  of  the  process  and  macroscopic  experimentation  in  real 
time.  In  order  attain  a  better  understanding  the  physics  of  the  sintering  process,  direct 
experimental  observation  of  the  process  is  an  important  tool.  To  facilitate  this  observa¬ 
tion,  a  video  microscopy  system  has  been  designed  to  observe  both  polymer  and  metal 
materials  while  they  are  being  laser  sintered. 

The  first  part  of  this  paper  discusses  the  design  objectives  and  selection  of  system 
components  for  the  video  microscopy  system.  The  second  part  presents  experimental  re¬ 
sults  from  preliminary  work  done  on  video  microscopy  of  the  selective  laser  sintering  of 
polycarbonate,  wax  and  nylon  powders.  Figure  1  shows  a  schematic  of  the  video  micro¬ 
scope  camera  assembly. 

Video  microscopy  system  design 


Magnification 

The  first  parameter  of  the  video  microscopy  system  is  its  magnification.  There 
are  two  types  of  magnification  used  in  this  system,  optical  magnification  and  pixel  en¬ 
largement. 
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Optical  magnification  is  produced  by  the  camera  lens  and  is  due  to  the  magnifi¬ 
cation  of  the  light  entering  the  lens.  This  magnification  is  referred  to  here  as  ‘true  mag¬ 
nification’.  An  increase  in  true  magnification  results  in  a  larger  on  screen  image,  a  need 
for  more  illumination  of  the  test  area,  and  an  decrease  in  the  focal  length  [Tipler,  P.  A., 
p.  885]. 

Pixel  enlargement,  or  digital  magnification,  is  the  result  of  the  electronic  transfer 
of  a  discrete  image  from  the  small  viewing  area  sized  one  half  inch  diameter,  of  the  cam¬ 
era  to  the  large  presentation  area  sized  13  inch  diagonal,  of  the  monitor.  The  camera  is 
comprised  of  a  chip  with  an  array  of  photosensors.  The  information  each  sensor  receives 
is  a  discrete  portion  of  the  picture,  known  as  a  pixel.  The  information  from  the  small 
viewing  area  is  transmitted  to  the  large  viewing  area  electronically.  This  results  in  a 
digital  magnification  of  20X.  A  greater  digital  magnification  of  30X  is  achieved  by 
viewing  the  process  on  a  21  inch  diagonal  monitor. 

The  problem  with  pixel  enlargement  is  that  it  enlarges  each  pixel  in  the  magnifi¬ 
cation  process,  with  no  regard  for  the  image  as  a  whole.  This  phenomenon  maybe  char¬ 
acterized  by  stating  that  the  more  pixel  enhancement  present,  the  more  grainy  and  dis¬ 
torted  the  final  image  becomes. 

In  order  to  reduce  graininess  and  produce  a  more  clear  image,  the  camera  and 
monitor  must  be  carefully  chosen.  The  grainy  image  is  reduced  by  increasing  the  num¬ 
ber  of  pixels  in  the  image.  Therefore,  a  black  and  white  camera  with  1000  TV  lines  of 
resolution  and  a  monitor  with  560  TV  lines  of  resolution  were  chosen  for  this  system.  A 
household  TV  set  has  approximately  half  this  number  of  lines  of  resolution. 

The  total  magnification  requirement  for  the  video  microscope  system,  i.e.  the 
combined  optical  and  digital  magnification  was  set  to  a  minimum  of  100X.  In  order  to 
maintain  a  reasonable  focal  length  of  least  four  inches,  a  zoom  lens  that  could  focus  be¬ 
tween  IX  and  6X  was  chosen. 
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Figure  1 

Video  microscope  camera  assembly 
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Figure  2 

Video  microscope  viewing  position 
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Figure  3 
Aperture  effect 


The  aperture  is  one  of  the  most  important  parts  of  the  video  microscopy  system. 
The  camera  and  lens  must  view  the  powder  bed  at  an  angle  to  avoid  contacting  the  laser 
beam  as  shown  in  Figure  2  above.  The  aperture  provides  depth  perception  [Reynolds, 
L.D.  and  Key,  J.F.,  p.  14],  which  allows  the  camera  to  view  the  powder  bed  from  an  an¬ 
gle.  Figure  3  illustrates  the  difference  between  an  angled  system  with  an  aperture,  and 
one  without.  The  system  without  the  aperture  can  only  focus  on  a  narrow  band  in  the 
field  of  view,  while  the  system  with  an  aperture  can  focus  on  the  entire  region.  The  aper¬ 
ture  also  enables  the  camera  to  remain  focused  on  particles  which  are  changing  shape  in 
the  direction  of  the  camera  axis. 

The  aperture  is  an  adjustable  iris  shutter  placed  between  the  lens  and  the  camera. 
As  the  aperture  is  closed,  depth  perception  of  the  viewed  area  increases.  However,  light 
is  also  blocked  as  the  aperture  is  closed.  Therefore,  the  greater  the  depth  perception,  the 
more  illumination  required. 

Filters 


Optical  filters  are  used  to  clarify  the  image  gathered  by  the  lens.  Two  types  of 
filters  are  used,  a  linearly  polarizing  filter  and  a  band  pass  filter.  The  linearly  polarizing 
filter  reduces  glare  during  sintering.  This  occurs  because  the  glare  from  a  liquid  surface 
is  normally  polarized  [Tipler,  P.  A.,  p.  867],  A  second  linearly  polarizing  filter  is  added 
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when  the  intensity  of  the  light  incident  on  the  sintered  surface  is  very  high.  The  second 
filter  is  rotated  to  reduce  the  amount  of  light  that  reaches  the  camera. 

A  band  pass  filter  is  used  to  eliminate  thermal  radiation  when  viewing  metal  sin¬ 
tering.  When  metals  are  sintered  they  have  been  observed  to  emit  electromagnetic  radia¬ 
tion  in  the  red  and  yellow  range  and  into  the  infrared  spectrum.  This  radiation  disrupts 
the  quality  of  the  video  picture  [Ogura,  A.  et.  al.,  p.  753].  Therefore,  the  lighting  system 
and  band  pass  filter  have  been  designed  to  observe  the  system  in  the  550  nm  wavelength 
range  with  a  wavelength  band  of  40  nm.  This  helps  eliminate  thermal  radiation  from 
metals. 

In  some  video  microscopy  design  specifications,  the  filters  and  lighting  are  de¬ 
signed  to  pass  through  any  vapor  phase  which  is  present  during  the  heating  process. 
Voelkel  and  Mazumder  designed  a  video  microscopy  system  to  view  laser  welding  melt 
pools,  and  in  doing  so,  the  light  source  was  designed  to  pass  through  any  vaporized  metal 
collecting  around  the  melt  pool.  However,  in  the  Selective  Laser  Sintering  environment, 
the  metal  materials  being  viewed  vary  from  copper  and  nickel  to  iron  and  steel  as  well  as 
some  ceramic  materials.  This  material  variability  makes  it  difficult  to  tune  the  lighting 
and  filter  systems  to  the  material  specific  optical  properties.  For  this  reason,  designing 
the  lighting  and  filtering  systems  to  eliminate  vapor  interference  was  not  undertaken.  No 
adverse  effects  have  been  observed  due  to  this  neglect. 

Lighting 

The  lighting  system  was  also  designed  to  combat  the  thermal  radiation  emitted  by 
metals.  Mercury  vapor  lamps  were  chosen  as  the  illumination  source  because  they  emit 
50%  of  their  radiation  at  approximately  545  nm  and  25%  at  580  nm  [Philips].  They  are 
also  capable  of  producing  a  large  amount  of  light  per  bulb. 

The  light  which  is  received  by  the  photoreceptor  chip  in  the  camera  is  drastically 
reduced  by  the  lens  and  filters  [Reynolds,  L.  D.,  and  J.  F.  Key  p.  23].  Each  of  the  polar¬ 
izing  filters  reduces  the  incident  light  by  50%,  as  does  the  band  pass  filter  for  metals. 
The  aperture  also  eliminates  50%  or  more  of  the  incident  light.  This  results  in  6.25%  of 
the  75%  of  useable  light  being  received  by  the  photoreceptor  in  the  case  of  metals  and 
12.5%  of  the  incident  light  being  received  in  the  case  of  polymers. 

Multiple  light  sources  were  used  to  provide  adequate  illumination  to  the  sintering 
area  for  viewing  and  to  reduce  or  eliminate  shadows.  Three  light  sources  were  placed  in 
increments  of  120°  to  reduce  the  incidence  of  shadows  in  the  system.  If  the  lighting  is 
not  adequate  or  in  the  proper  position,  depth  perception  is  hindered  by  shadows. 

Experimental  Results 


Introduction 

This  section  of  the  paper  describes  a  selection  of  video  microscopy  experiments 
performed  with  the  aforementioned  system.  A  number  of  experiments  were  run  on  poly- 
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carbonate,  wax  and  nylon  powders.  Stationary  laser  spots  and  single  scan  lines  were 
studied  under  a  variety  of  laser  parameters. 

Stationary  laser  spots  were  studied  at  low  laser  powers  of  the  order  of  1  Watt  in 
order  to  slow  down  the  sintering  kinetics  for  observation.  At  higher  powers,  pyrolysis 
occurred  immediately  upon  turning  the  laser  on.  Single  scan  lines  studied  were  at  condi¬ 
tions  which  allowed  us  to  observe  the  sintering  phenomena  in  great  detail  in  relatively 
large  time  scales.  The  laser  spot  size  used  was  approximately  3  mm.  A  few  excerpts  from 
our  video  presentation  are  shown  below: 

1 .  Figures  4-7  are  frames  taken  from  an  experiment  of  a  stationary  laser  spot  on  polycar¬ 
bonate  powder  at  a  laser  power  of  1.5  Watts.  Melting  and  collapse  is  followed  by  for¬ 
mation  of  a  liquid  pool.  Bubbles  of  vapor  are  seen  to  form  inside  the  liquid  pool.  This 
may  be  due  to  trapped  air  tying  to  escape.  Charring  in  some  regions  suggests  that  pyro¬ 
lysis  is  occuring. 
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Fig.  6  Fig.  7 
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2.  Figures  8-1 1  are  frames  taken  from  an  experiment  of  a  stationary  laser  spot  on  wax 
powder  at  a  laser  power  of  0.8  Watts.  Melting  is  immediate  with  formation  of  strong 
convection  currents.  Some  bubble  formation  is  also  observed. 


>  b 


3.  Figures  12-15  are  frames  taken  from  an  experiment  of  a  single  line  scan  on  nylon 
powder  at  a  laser  power  of  1  Watt  and  a  scan  speed  of  0.03  inches/s.  Considerable 
amount  of  vapor  bubbles  are  formed.  Surface  solification  can  be  observed  quite  clearly 
at  the  end  of  line  scan. 


Summary 

The  phenomenon  of  vapor  bubble  formation  and  entrapment  in  the  liquid  pool 
needs  to  be  investigated  further  to  determine  the  vapor  content.  At  present,  we  believe  it 
is  due  to  air  trying  to  escape;  however,  it  might  also  be  due  to  steam  or  gases  evolved 
during  pyrolysis.  Reduction  of  vapor  bubbles  may  help  improve  final  part  density. 

While  scanning  lines  at  slow  scan  speeds,  all  three  materials  appeared  to  receive 
sufficient  energy  input  to  form  a  liquid  layer  that  flowed  and  spread  well.  At  higher  scan 
speeds  and  higher  laser  fluence,  unsintered  powder  seemed  to  wrap  around  the  line  being 
scanned.  In  the  case  of  polycarbonate,  this  resulted  in  incomplete  sintering  of  the  mate¬ 
rial  and  significant  depletion  of  surrounding  material.  In  the  case  of  nylon,  there  was 
considerable  shrinkage  and  depletion  of  surrounding  material. 

Conclusions 

A  video  microscopy  system  has  been  designed  and  implemented  to  observe  selective  la¬ 
ser  sintering  of  polymers  and  metal  materials.  Initial  experiments  conducted  with  this 
system  have  allowed  us  to  observe  sintering  and  flow  behavior  in  greater  detail  than  ever 
before.  This  has  allowed  us  to  qualitatively  evaluate  the  different  sintering  characteristics 
of  the  materials  studied. 

The  next  logical  steps  in  these  experiments  would  be: 

1.  Perform  video  microscopy  experiments  on  the  Selective  Laser  Sintering  of  metals. 

2.  Examine  sintering  behavior  of  spots  and  lines  in  these  materials  with  a  variety  of 
boundary'  conditions  describing  the  layer  immediately  underneath  the  sintering  plane 
(e.g.  conducting  layer  corresponding  to  a  previously  sintered  layer). 

3.  Quantify  sintering  and  densification  rates  based  upon  microscopic  observation. 
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ABSTRACT 

Since  the  introduction  of  rapid  prototyping  technology  as  a  tool  for  time  compression  and  concurrent  engineering  in 
the  design  and  manufacturing  process,  many  enhancements  and  refinements  have  been  made  based  on  the  experience 
of  users  and  manufacturers  of  rapid  prototyping  equipment.  These  improvements  contribute  significantly  to  faster 
production  of  quality  output  from  rapid  prototyping  systems. 

There  are  diverse  control  and  material  selection  parameters  that  affect  prototype  models  built  using  the  Fused 
Deposition  Modeling  (FDM®)  process.  This  paper  reviews  the  role  of  several  of  these  parameters  in  the  process. 
Data  will  be  presented  to  help  the  user  choose  the  appropriate  material  for  specific  applications  including  density, 
tensile  modulus,  flexural  modulus,  tensile  strength,  flexural  strength,  impact  strength,  and  hardness. 

The  integration  of  material,  hardware,  and  software  in  the  FDM  technology  begins  with  the  understanding  of  the 
basic  requirements  of  the  machine  and  ends  w  ith  an  operating  procedure  to  choose  the  parameters  for  optimal  model 
output  and  efficiency.  Some  of  the  variables  include:  part  geometry,  deposition  geometry',  deposition  speed, 
liqucfier  temperature,  material,  flow  control  parameters,  etc.  Designed  experiments  arc  used  in  material  formulation 
through  modeling  parameter  definition  activities. 

INTRODUCTION 

The  fused  deposition  modeling  process  for  rapid  prototyping  integrates  three  key  components  of  the  system: 
software,  hardware,  and  materials.  Each  component  can  be  analyzed  independently  for  very'  simple  model  systems, 
but  for  real  systems  and  broad  operating  conditions,  the  system  complexity  and  interactions  grow.  The  challenge  to 
develop  user-friendly  FDM  rapid  prototyping  systems  is  to  define  the  relationship  between  the  key  input  variables 
and  the  key  modeling  characteristics,  or  responses.  Designed  experiments  can  begin  to  identify  the  key  variables 
and  lead  to  strategics  for  optimizing  the  modeling  process  in  a  very'  efficient  manner. 

PROCESS 

The  FDM  process  forms  three-dimensional  objects  from  CAD  generated  solid,  wire  frame  or  surface  model  data 
through  the  consistent  dispensing  of  individual  layers  or  thermoplastics  materials  through  a  controlled  temperature 
head.  The  model  is  built  lay'er  upon  layer,  from  the  bottom  up.  The  designed  object  emerges  as  a  solid  three- 
dimensional  part  without  the  need  for  tooling. 

The  process  involved  in  the  development  of  a  three-dimensional  model  begins  with  the  creation  of  a  conceptual 
geometric  model  on  a  CAD  workstation.  The  model  is  imported  into  the  ProtoSlicea  software  program  which 
mathematically  slices  the  conceptual  model  into  horizontal  layers  and  deposition  paths  are  created.  The  path  data  is 
then  downloaded  to  the  modeler.  The  modeler  operates  in  the  X,  Y,  and  Z  axes,  basically  drawing  the  model  one 
layer  at  a  time.  Once  the  build  cycle  begins,  no  operator  attendance  is  required. 

A  spool  of  thermoplastic  modeling  material,  .070  inches  (.18  cm)  in  diameter,  feeds  into  the  temperature  controlled 
FDM  extruding  head,  heating  the  material  to  a  semi-liquid  state.  The  semi-liquid  is  extruded  and  deposited  into 
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A  spool  of  thermoplastic  modeling  material,  .070  inches  (.18  cm)  in  diameter,  feeds  into  the  temperature  controlled 
FDM  extruding  head,  heating  the  material  to  a  semi-liquid  state.  The  semi-liquid  is  extruded  and  deposited  into 
ultra-thin  layers  onto  a  fixture-less  base.  Once  the  material  is  directed  into  place  by  the  X-Y  controlled  FDM  head, 
the  material  solidifies,  creating  a  precision  laminate. 

MATERIALS 

Users  of  rapid  prototyping  technology  tend  to  request  models  with  materials  whose  properties  are  similar  to 
materials  they  might  use  in  their  end-use  applications,  e  g.  injection  molding.  In  reality,  each  rapid  prototyping 
technology  rarely  brings  all  the  properties  of  an  end-use  material  to  the  designer,  and  FDM  is  not  an  exception  to 
this.  Materials  used  in  Fused  Deposition  Modeling  must  satisfy  the  requirements  of  the  designer,  their  subsequent 
application,  and  their  integration  into  the  FDM  process. 

As  a  subset  of  the  universe  of  thermoplastic  materials,  FDM  materials  form  strong  interlayer  bonds  at  or  near  their 
melting  points  and  have  appropriate  composition  and  morphology  to  provide  a  relatively  stress-free,  low  distortion 
part  once  the  material  has  reached  room  temperature. 

An  FDM  material  must  also  have  an  adequate  flexural  modulus  and  strength  to  be  formed  into  a  filament,  spooled, 
and  used  as  a  piston  to  pump  the  material  through  the  head,  liquefler,  and  tip.  In  addition,  it  must  have  sufficiently 
low  viscosity  to  be  pumped  through  the  same  hardware  and  also  produce  well-defined  road  widths  over  a  broad 
range  of  geometries  and  deposition  rates. 

These  requirements  specify  the  materials  which  will  effectively  produce  quality  models  using  the  FDM  process. 
Some  familiar  candidate  polymer  chemistries  include  polyolefins,  polyamides,  and  polyesters.  The  four  materials 
currently  available  front  Stratasys  have  the  mechanical  properties  shown  in  Table  1.  MW01  and  ICW04  are  wax 
formulations  for  use  in  the  investment  casting  process;  and  P200  and  P300  are  plastic  formulations  (polyolefin  and 
polyamide,  respectively)  that  are  stronger  and  have  higher  melt  points. 

Thermal  and  rheological  analysis  has  been  performed  on  all  of  the  current  materials.  These  data  have  been 
important  in  designing  the  mechanical  components  of  the  FDM  head  which  melt  and  pump  the  material.  Figures  1-3 
show  this  data  for  ICW04,  the  Stratasys  investment  casting  wax.  Melt  viscosity  is  measured  using  a  vibratory 
rheometer.  Thermal  analysis  was  performed  using  differential  scanning  calorimetry  (DSC)  and  volumetric 
expansion  by  thermal  mechanical  analysis  (TMA).  ICW04  has  the  lowest  volumetric  expansion  of  the  current 
materials.  Table  2  lists  the  ash  content,  specific  gravity,  softening  point  (R&B),  and  penetration. 

HARDWARE 

Figure  4  depicts  the  mechanical  design  of  the  FDM  head.  The  function  of  this  assembly  is  to  heat  and  pump  the 
modeling  material  through  the  tip  and  onto  the  modeling  surface  to  produce  precise  parts.  It  is  a  lightweight 
assembly  designed  to  move  at  modeling  speeds  without  affecting  positioning  accuracy. 

A  small  D.C.  motor  drives  a  set  of  feed  wheels  to  provide  up  to  10  lbs  force  to  push  the  filament  through  the 
liquefier  and  tip.  The  feed  wheels,  which  are  1/2"  in  diameter  and  covered  with  an  elastomer,  are  driven  in  a 
counter-rotating  direction  to  provide  the  torque  to  feed  the  filament,  which  acts  as  a  piston.  The  material  must  have 
sufficient  column  strength  to  accomplish  this  task;  column  strength  is  a  function  of  the  filament  diameter,  flexural 
modulus  and  strength.  This  provides  a  positive  feed  allowing  no  slippage  of  the  filament. 

In  the  FDM  process,  material  is  deposited  in  layers  with  rectangular  cross-section  known  as  roads,  and  these  have 
a  width  (W)  and  a  height  (Z).  Coupled  with  the  speed  of  the  deposition  (S),  a  volumetric  flow  rate  which  the  system 
must  provide  is  defined.  The  feed  mechanism  must  be  able  to  meet  or  exceed  this  flow  rate  over  the  full  range  of 
viscosities  and  pressure  drops.  The  design  considerations  involve  the  material  properties  described  earlier.  The 
pressure  (P)  which  develops  in  the  liquefier  and  tip  is  dependent  upon  the  length  and  diameter  of  the  liquefier 
(d^LJ  and  tip  (dj.  ,LT  )  as  well  as  the  material  viscosity  (h)  at  temperature  (T),  and  volumetric  flow  rate  (V).  The 
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tip  diameter  has  a  very  large  impact  on  the  pressure  drop  because  it  is  much  smaller  than  the  liqucficr  diameter.  For 
Newtonian  fluids,  the  pressure  drop  can  be  expressed  as  _ 

P  =  128hV  j  LT  +  Lt 

I  4  4’ 

71  idr 

Because  pressure  is  force  divided  by  area  and  the  area  is  the  cross-sectional  area  of  the  filament  in  FDM,  the  force 
is  proportional  to  pressure  as  well.  A  force  vs.  volumetric  flow  rate  curve  is  shown  in  Figure  5  for  various  tip  sizes 
and  liquefier  combinations.  This  data  was  taken  using  the  P200  material  with  tips  of  .010",  .016",  and  .052",  and 
liquefier  temperatures  of  102  and  107®C.  As  the  theoretical  equation  implies,  extrusion  force  is  heavily  dependent 
on  tip  size.  This  force  is  also  significantly  influenced  by  liquefier  temperature,  though  to  a  lesser  extent,  as  material 
viscosity  decreases  at  higher  temperatures.  For  a  given  set  of  operating  conditions,  the  maximum  flow  rate  can  be 
determined  by  comparing  that  extrusion  force  with  the  column  strength  of  the  incoming  filament. 

A  key  characteristic  of  a  finished  model  is  the  surface  finish  which  is  a  function  of  the  liquefier  viscosity,  envelope 
temperature,  deposition  speed  of  the  material,  and  the  geometry  of  the  part.  The  liquefier  and  tip  must  heat  the 
material  to  setpoint  and  the  feed  mechanism  must  pump  the  material  out  of  the  tip  at  the  full  range  of  tip  diameters 
and  material  viscosities.  The  required  heat  transfer  is  a  function  of  the  thermal  properties  of  the  liquefier,  tip,  and 
modeling  materials  as  well  as  the  diameter  of  the  filament  and  volumetric  flow  rate.  Whereas  it  is  advantageous  to 
increase  the  filament  diameter  to  increase  the  column  strength  for  pumping,  the  reverse  is  true  for  melting  the 
modeling  material.  The  envelope  temperature  can  affect  the  surface  finish  (see  Figure  6)  of  the  model  by  softening 
the  material  and  reducing  its  flexural  modulus.  As  a  new  layer  is  deposited,  the  previous  layer  may  deflect 
downward  causing  preferential  flow',  due  to  a  lower  pressure  drop  and  a  poorly  defined  road  width. 

SOFTWARE/FIRMWARE 

This  discussion  is  limited  to  the  pumping  and  motion  control  rather  than  the  slice  routines.  The  softwarc/firmwarc 
control  the  motion  of  the  head  assembly  on  the  carriage  and  also  the  motion  of  the  feed  wheels.  The  major  tasks  of 
feed  wheel  control  can  be  broken  down  into  two  major  categories:  steady-state  and  transient  behavior;  i.e., 
start/accclcration  and  stop/deccleration  activities.  Steady-state  pumping  requires  very  accurate  carriage  and  feed 
wheel  control  to  assure  precise  geometry  and  road  width.  At  the  start  or  stop  of  the  road,  material  flow  is 
inherently  different  and  requires  different  motor  control  to  accommodate  visco-elastic  material  behavior  to  precisely 
begin  or  end  a  road 


Before  the  carriage  moves  to  start  a  new'  road,  the  feed  wheels  meter  a  small  amount  of  material  in  anticipation  of 
the  carriage  accelerating  to  the  steady-state.  When  the  carriage  moves,  the  flow  is  slowly  turned  on  based  on 
constant  acceleration  to  the  full  pumping  rate.  Likewise,  near  the  end  of  the  road,  the  pumping  rate  decelerates  prior 
to  the  actual  end  point  which  creates  a  “starving"  condition  at  the  end  point.  The  deceleration,  acceleration,  and 
pre-start  metering  control  values  are  dependent  on  the  material  visco-elastic  properties  at  the  application 
temperature.  Each  material  has  its  own  characteristics  which  must  be  programmed  into  the  softwarc/firmwarc. 


SYSTEM  INTEGRATION 

The  integration  of  material,  hardware,  and  software  in  the  FDM  technology'  begins  with  the  understanding  of  the 
basic  requirements  of  the  machine  and  ends  with  an  operating  procedure  to  choose  the  parameters  for  optimal  model 
output  and  efficiency.  Some  of  the  variables  include:  part  geometry,  deposition  geometry',  deposition  speed,  liquefier 
temperature,  envelope  temperature,  material,  flow  control  parameters,  etc.  Designed  experiments  are  used  in 
material  formulation  through  modeling  parameter  definition  activities. 


In  the  development  process,  the  sheer  number  of  variables  to  be  considered  is  overwhelming,  and  therefore  the  use 
of  small  screening  designs  has  great  utility2  3.  The  following  example  illustrates  a  material  formulation  mixture 
design  and  shows  how  it  is  organized,  executed  and  analyzed.  The  purpose  of  this  design  is  to  screen,  or  identify, 
the  critical  variables.  It  is  a  linear  design  which  allows  analysis  of  individual  variables  only,  and  as  a  four 
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component  mixture,  it  contains  nine  unique  trials.  Table  3  shows  the  design  and  uses  coded  variables  to  illustrate 
the  two  levels  (-1  and  +1)  and  a  center  point  (0). 

Table  4  contains  actual  values  for  this  example.  Note  that  the  sum  of  the  components  for  each  trial  is  one.  The 
experiment  is  executed  by  preparing  the  trial  mixtures  and  measuring  the  responses.  Table  5  shows  the  response 
matrix  of  some  of  the  properties  that  are  important  to  an  investment  casting  wax.  These  include  softening  point, 
density,  ash,  viscosity  and  volumetric  expansion.  Values  for  all  the  trials  are  listed  in  this  table. 

Next,  regression  analysis  reveals  the  relationship  between  the  variables  and  responses  (Table  6),  and  the 
significance  of  each  variable.  The  summary  results  figure  indicates  significance  with  stars  -  the  more  stars,  the 

greater  the  significance.  Finally,  a  graphical  representation  of  the  fit  (Figure  7)  can  reveal  meaningful  trends.  In 

o 

this  case,  viscosity  at  70  C. 

Another  designed  experiment  we  frequently  use  is  the  two  variable,  two  level  factorial  with  the  center  point  (Table 
7).  An  example  for  this  type  of  experiment  would  be  illustrated  by  Figure  6  where  the  liquefier  temperature  and  air 
(envelope)  temperature  are  variables,  and  surface  finish,  delamination  and  plugging  are  responses.  A  robust 
modeling  zone  is  therefore  identified.  At  this  stage,  some  candidate  materials  may  be  eliminated  due  to  lack  of 
lamination,  low  flexural  strength,  and/or  excessive  viscosity. 

The  goal  of  the  next  stage  is  to  expand  the  variables  constrained  in  the  first  experiment.  These  would  include  tip 
diameter,  deposition  speed,  deposition  geometry,  part  geometry,  liquefier  temperature,  and  envelope  temperature. 
Typically,  this  is  done  over  a  broad  range  of  standard  models  and  test  parts.  The  hard  barriers  previously  described 
are  defined  at  this  stage.  Material  formulations  can  be  compared  to  determine  which  of  the  initial  formulations 
offered  the  most  desirable  characteristics,  and  can  lead  to  additional  designed  experiments  if  the  product 
requirements  are  not  met. 

The  final  stage  involves  the  definition  of  the  flow  control  parameters  in  the  software/firmware.  This  is 
accomplished  by  iteratively  determining  the  values  on  test  geometries  within  the  modeling  parameter  envelope. 

CONCLUSIONS 

The  integration  of  material,  hardware,  and  software/firmware  in  FDM  is  accomplished  in  an  efficient  manner  by 
understanding  the  basic  independent  functions  of  each  system  and  using  designed  experiments  to  lead  to  optimal 
results. 
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FIGURE  1.  MELT  VISCOSITY 


FIGURE  2.  DSC  THERMAL  ANALYSIS 
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Data  Courtesy  of  M.  Argueso  &  Co..  Inc. 


FIGURE  3.  TMA  VOLUMETRIC  EXPANSION 
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Force  (lbs) 


FIGURE  5.  FORCE  TO  EXTRUDE  P200  VS.  TIP  SIZE  VS.  LIQUEFIER  TEMPERATURE 
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FIGURE  7.  RESPONSE  CONTOUR  PLOT 


PROPERTY 

ICWQ4 

P300 

P2Q0 

Tensile  Strength  (psi) 

509 

1,114 

1,765 

1,324 

Tensile  Modulus  (psi) 

40,000 

70,000 

80,000 

90,000 

Elongation  (%) 

10.00+ 

6.65 

3.48 

4.68 

Flexural  Strength  (psi) 

619 

1,293 

2,113 

1,537 

Flexural  Modulus  (psi) 

40,000 

50,000 

60,000 

90,000 

Notched  Impact  (ft*lb/in) 

0.32 

0.72 

0.24 

0.17 

Unnotched  Impact  (ft*lb/in) 

0.92 

12.9 

1.46 

1.37 

Hardness  (Shore  D) 

33 

40 

70 

58 

Softening  Point  (R&B)(F) 

177 

227 

— 

... 

Melting  Point  (C) 

— 

— 

100-110 

72-108 

Specific  Gravity  (gm/cm3) 

1 

0.92 

1.1 

0.9 

TABLE  1.  MATERIAL  PROPERTIES 


Softening  Point: 

177°F 

(Ball  and  Ring) 

Hardness  Penetration: 

17.0  Dmm 

(450  gms.,  5  sec.,  77°F) 

Specific  Gravity: 

1 

(gm/cm3) 

Ash  Content: 

0.0075% 

Filler  Content: 

0.00% 

TABLE  3.  DESIGNED  EXPERIMENT  -  FOUR 
TABLE  2.  ICW04  ANALYSIS  COMPONENT  MIXTURE 
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Trial 

A 

B 

C 

D 

1 

.40 

.15 

.25 

.20 

2 

.10 

.45 

.25 

.20 

3 

.10 

.15 

.55 

.20 

4 

.10 

.15 

.25 

.50 

5 

.25 

.15 

.25 

.35 

6 

.10 

.30 

.25 

.35 

7 

.10 

.30 

.40 

.20 

8 

.10 

.15 

.40 

.35 

9 

.25 

.15 

.25 

.35 

Softening 

Penetration 

Density 

Adi 

Vise. 

Volume! 

Point  (*F)* 

(Dmm)** 

(pn/orf) 

CX) 

(cps,70*C) 

E*p.(\) 

167.5 

15 

1.009 

.0055 

8250 

165 

i7ao 

19 

0.980 

.0170 

19091 

13.5 

170.0 

14 

1.003 

.0075 

8500 

16.4 

179.0 

14 

0.999 

.0135 

3556 

14.6 

177.0 

14 

1.005 

.0080 

4643 

18.1 

180.5 

18 

0.992 

.0115 

13636 

21.3 

1745 

17 

0.994 

.0280 

15909 

15.4 

178.0 

16 

0.994 

.0080 

6600 

155 

177.0 

12 

1.001 

.0080 

4286 

14.2 

*  Ring  &  Ball  method 
**  450  gms.,  5  sec,  77®F 
***  TMA  method  (M.  Argiieso) 


TABLE  4.  SAMPLE  MATRIX 


TABLES.  RESPONSE  MATRIX 


Variables 

Softening 

Penetration 

Density 

Ash 

Vise. 

Volumetric 

Point  (*F) 

(Dmm) 

(gm/cm?) 

(%) 

(cps,  70*  C) 

Exp.(%) 

A 

** 

jjefc 

B 

* 

** 

C 

* 

D 

** 

- 

- 

- 

** 

- 

Significance  Levels 

* 

5% 

** 

1% 

*** 

.1% 

TABLE  6.  SUMMARY  RESULTS 


Trial 

A 

B 

1 

- 

- 

2 

+ 

- 

3 

- 

+ 

4 

+ 

+ 

5 

0 

0 

TABLE  7.  DESIGNED  EXPERIMENT  -TWO  VARIABLE,  TWO  LEVEL  FACTORIAL 

(WITH  CENTER  POINTS) 


EXTRUSION  METHODS  FOR  SOLID  FREEFORM  FABRICATION 
Paul  Calvert1,  Robert  Crockett1,  John  Lombardi1*2,  John  O'Kelly1,  Kevin  Stuffle2 
'Arizona  Materials  Labs.  4715  Fort  Lowell  Rd.,  Tucson  AZ  85712 
2Advanced  Ceramics  Research,  841  E.  47th  St.,  Tucson  AZ  85713 

INTRODUCTION 

It  is  becoming  clear  that  current  SFF  methods  are  members  of  a  potentially  very  large 
family.  As  with  current  forming  methods,  it  is  to  be  expected  that  particular  materials  and 
objects  will  lend  themselves  best  to  particular  methods.  Our  group  has  been  working  for  two 
years  on  extrusion  methods  of  freeform  fabrication  where  a  reactive  slurry  is  extruded  into  a 
pattern  to  form  a  series  of  layers  that  build  up  a  three-dimensional  object.  A  sketch  of  the 
apparatus  is  shown  in  figure  1.  The  slurry  may  cure  chemically  either  as  each  layer  forms  or  in 
a  postcuring  oven. 


As  a  member  of  the  SFF  family,  this  method  offers  great  versatility  in  the  range  of 
materials  that  can  be  formed  an  in  control  of  the  material  structure  and  composition  within  a  part. 
This  paper  describes  our  efforts  to  extend  the  application  of  this  method  from  ceramics  to 
polymer  composites,  thermoplastics  and  silica-silica  composites. 
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EXTRUSION  SYSTEMS 
ACR  Systems 

The  ACR  extrusion  freeforming  equipment  comprises  a  computer-controlled,  stepper 
motor  driven  and  screw-actuated  gantry  plus  a  vertical  linear  slide  table.  A  small  positive 
displacement  extruder  is  mounted  on  the  vertical  slide.  The  extruder  is  a  small  stiff  piston  and 
cylinder  assembly.  The  piston  is  actuated  by  a  second  linear  slide  table  driven  by  a  stepper 
motor.  Piston  and  cylinder  were  originally  glass  syringes.  These  have  been  replaced  with  epoxy- 
potted  polycarbonate  syringes  and  aluminum  pistons.  The  nozzle  (needle)  is  a  shortened  Luer- 
Lok  hypodermic  needle. 

For  polymer  extrusion,  high  extrusion  pressures  increase  greatly  the  weight  of  the  head. 
To  avoid  the  problems  of  moving  such  a  large  mass  a  system  has  been  constructed  based  on  a 
fixed  extrusion  head  and  a  moving  sample  table.  A  computer-controlled  massive  vertical  extruder 
is  mounted  above  a  three-axis  table  with  two  orthogonal  cross-tables  mounted  on  a  vertical  stage 
beneath  the  extruder.  The  outlet  nozzle  of  the  extruder  is  a  heated  block  with  a  machined 
internal  reduction. 


AML  Dispensing  System 

Motion  control  and  slurry  placement  is  provided  by  an  Asymtek  model  402  benchtop  fluid 
dispensing  system.  This  unit  provides  an  x-y  travel  of  12"  x  12"  and  z  travel  of  3.5"  with  a  step 
resolution  of  0.001"  on  all  axes.  The  maximum  head  speed  is  12  inches/sec,  although  dispensing 
is  usually  limited  to  1-4  inches/sec. 

Dispensing  is  through  a  pinch  tube  valve  connected  to  a  50  cc  syringe.  The  syringe  can 
be  replaced  by  a  feed  tube  connected  to  a  stationary  cartridge  allowing  a  larger  supply  of  slurry. 
The  slurry  is  pressurized  to  5-20  psi  from  a  nitrogen  bottle  and  is  dispensed  though  an  18-25 
gauge  needle. 

Dispensing  variables  for  this  system  include: 

Fluid  Pressure 

Tip  Gauge 

Head  Velocity 

Fill  Pattern  resolution 

Startup  delay 

Shutoff  Distance 

The  startup  delay  (time  between  the  opening  of  the  valve  and  when  the  head  is  instructed 
to  move)  and  shutoff  distance  (length  before  the  end  of  a  move  at  which  the  valve  is  instructed 
to  shut  off)  are  required  to  allow  the  movement  of  residual  fluid  in  the  needle,  to  avoid  blobbing 
at  line  ends. 

Control  is  via  an  IBM  PC  that  handles  all  aspects  of  modelling  and  dispensing  in  a  single 
integrated  package  running  under  Autocad  Release  12.  The  Autocad  AME  package  provides 
modelling  and  object  slicing,  while  software  routines  written  in  C  provide  complete  control  of 
dispensing  operations,  converting  Autocad  data  into  Asymtek  motion  commands  and  issuing 
machine  control  statements. 
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Drawings  of  an  object  are  prepared  as  3-dimensional  solid  models  in  Autocad.  To 
fabricate  the  object,  the  user  manually  sets  the  dispensing  tip  to  the  height  of  the  dispensing 
surface.  The  control  software  reads  this  value,  calculates  the  correct  elevation  to  slice  the  model 
and  creates  a  2-dimensional  section.  The  perimeter  of  the  resulting  pattern  is  dispensed  first,  then 
it  is  filled  in  a  snaking  line  pattern.  After  the  layer  is  dispensed,  the  user  is  prompted  to  reset 
the  needle  to  the  new  surface  height  and  the  process  is  repeated. 

The  feedback  in  the  process  ensures  that  the  object  is  fabricated  to  the  highest  resolution 
possible  on  a  layer-by-layer  basis,  without  being  subject  to  additive  effects  of  small  changes  in 
dispensing  thickness.  In  principle,  surface-sensing  equipment  could  provide  this  information. 
Current  layer  thicknesses  are  0.02-0.03  inches. 

One  promising  filling  strategy  is  to  dispense  the  perimeter  of  three  successive  layers 
before  filling  the  interior.  The  three  layers  (0.05-0.1"  total  height)  act  as  a  dam,  allowing  the  fill 
pattern  to  be  dispensed  in  a  much  thicker  layer  without  affecting  the  overall  surface  resolution. 
This  significantly  reduces  the  total  dispensing  time  and  produces  flatter,  more  homogeneous  filled 
regions. 


MATERIALS 
Ceramic  Slurries 

Extrusion  of  slurries  of  alumina  in  acrylic  monomers  was  described  at  the  same  meeting 
last  year.  Slurries  could  be  made  with  solids  contents  up  to  55%  and  viscosities  of  200  poise. 
The  final  parts  had  good  fired  density  and  flexural  strength  [1]. 

Filled  Resins 

Silica-filled  acrylic  resins  could  be  formed  by  the  same  method.  In  the  same  way,  the 
slurry  cured  as  each  layer  was  extruded.  Table  1  shows  the  properties  of  a  series  of  silica-filled 
acrylics.  Ceramic  green  bodies  do  not  need  significant  mechanical  strength  and  heavily  cross- 
linking  acrylates,  such  as  TMPTA  could  be  used  [1],  In  the  case  of  composite  materials,  the  high 
volume  fraction  of  resin  places  a  higher  value  on  good  resin  toughness.  Consequently  the  highly 
cross-linked  resins  based  on  TMPTA  are  unsuitable  and  were  replaced  by  the  more  flexible 
urethane  acrylates. 

Many  acrylate  and  other  monomers  were  investigated  before  we  found  a  good  combination 
of  rapid  curing  and  toughness.  Mixtures  of  a  urethane  acrylate,  hexanedioldiacrylate  and  N- 
vinylpyrrolidone  were  found  to  give  rapid  curing  (less  than  1  minute)  and  good  properties.  The 
resin  was  reinforced  with  silica  particles  plus  1.7  vol.%  fumed  silica  which  provided  enough 
viscosity  that  the  larger  particles  did  not  settle  in  the  slurry. 

We  believe  that  the  toughness  arises  from  the  polarity  of  the  urethane  which  allows  good 
bonding  to  the  filler  particles.  It  can  be  seen  that  the  modulus  increases  by  a  factor  of  three  as 
the  filler  loading  increases  to  30  vol.%  and  that  the  strength  remains  high.  In  many  filled  polymer 
systems,  where  there  is  poor  bonding  to  the  filler,  the  modulus  increases  but  the  strength  declines 
with  increasing  filler  content. 


Fiber-reinforced  composites 

In  addition  to  particulate  fillers,  short  fiber  fillers  can  also  be  used.  As  shown  in  Table 
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1,  7%  carbon  fiber  (Hercules  AS4),  chopped  to  a  length  of  about  100  microns  gives  a  higher 
modulus  but  there  is  some  loss  of  strength.  The  strength  is  almost  certainly  sensitive  to  the 
interfacial  bonding.  Good  fiber-resin  bonds  can  be  difficult  to  achieve  with  carbon  fiber. 

In  situ  composites 

Other  work  in  our  group  has  been  concerned  with  in  situ  composites  where  the  reinforcing 
phase  grows  within  the  polymer  matrix  during  or  after  processing.  For  instance,  liquid  titanium 
alkoxides  have  been  blended  into  polypropylene  and  co-extruded  to  form  a  flexible  polymer  film. 
Subsequent  treatment  of  this  film  in  a  water  bath  hydrolyzes  the  alkoxide  and  precipitates  titania 
to  produce  a  composite  with  a  very  fine  titania  reinforcement. 

Tetraethoxysilane  (TEOS)  and  water,  at  a  1:4  molar  ratio,  have  been  blended  with  the 
acrylate  monomers  to  form  an  extrudable  fluid.  This  both  cures  and  partly  hydrolyzes  as  the 
layers  are  deposited  to  form  a  composite.  A  24-hour  steam  treatment  of  the  final  part  was  used 
to  complete  the  hydrolysis  to  silica.  The  parts  listed  in  table  I  contained  7  vol.%  silica  from 
TEOS,  plus  15  vol.%  of  silica  powder  and  1.66  vol.%  of  fumed  silica.  The  properties  are  similar 
to  the  equivalent  22%  silica  conventional  composite. 

These  parts  show  a  volume  shrinkage  of  15%  on  reaction.  For  most  of  these  types  of  in 
situ  composites,  the  shrinkage  is  a  serious  problem  in  forming  anything  but  films  and  fibers.  SFF 
methods  can  offer  a  route  to  exploitation  of  this  new  class  of  materials  since  much  of  the 
shrinkage  can  be  confined  to  each  layer  as  it  forms,  rather  than  requiring  accommodation  of  the 
whole  part. 


Table  I:  Flexural  Tests  on  Composites 


Composition 

Flexural  Strength, 
MPa 

Flexural 

Modulus,  GPa 

Resin 

38.3 

0.96 

Resin  +  3.8  vol%  Silica 

42.8 

1.03 

Resin  +  7.5  vol%  Silica 

48.8 

1.15 

Resin  +  11.2  vol%  Silica 

54.9 

1.39 

Resin  +  15  vol%  Silica 

58.2 

1.56 

Resin  +  22.5  vol%  Silica 

75.1 

2.56 

Resin  +  30  vol%  Silica 

61.5 

2.89 

Resin  +  7  vol%  Silica 
from  TEOS 

50.4 

2.10 

Resin  +  5  vol%  Carbon 
Fiber 

27.0 

1.24 
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Ceramic/Ceramic  slurries 

As  part  of  a  program  tied  to  a  future  lunar  base,  where  polymers  would  not  be  available, 
we  have  been  making  ceramic-bonded  ceramic  materials.  A  slurry  of  silica  powder,  ethylsilicate 
binder  and  water  is  formed  in  ethanol.  Ethylsilicate  is  related  to  tetraethylorthosilicate  (TEOS) 
but  has  been  partly  hydrolysed  under  acidic  conditions  to  form  linear  oligomers.  Further 
hydrolysis  and  condensation  lead  to  silica  which  will  act  as  a  matrix  phase  in  the  final  sintered 
body.  The  ethanol  from  the  slurry  and  that  released  on  hydrolysis  of  the  ethylsilicate  will  be 
recycled  by  reaction  with  silicon  derived  from  lunar  sources.  The  water  can  also  be  recycled. 
Essentially  this  becomes  a  process  for  reforming  lunar  silica  into  functional  parts. 

The  hydrolysis  and  condensation  of  ethylsilicate  can  be  acid  or  base  catalyzed.  Adding 
catalysts  to  the  slurry  produced  uneven  results  as  condensation  continued  in  the  syringe  before 
dispensing. 

Ethylsilicate,  water,  ethanol  and  silica  are  ball  milled  with  alumina  balls  for  24  hours  and 
then  the  slurry  is  poured  into  the  syringe.  Particle  loadings  of  55-58  vol.%  dispense  well  through 
a  23-gauge  needle  at  10-15  psi  fluid  pressure.  After  dispensing  the  layer  is  briefly  treated  with 
a  heat  gun  to  remove  some  ethanol  and  then  is  sprayed  with  aqueous  ammonia. 

The  greenbodies  are  dried  slowly  and  then  fired  at  1500°C  in  air.  Fired  densities  have 
so  far  only  reached  60%  of  theoretical  and  fluxes  are  being  explored  to  enhance  the  sintering  kinetics. 

Thermoplastic  Resins 

Nylon  6  is  a  tough  engineering  thermoplastic  that  is  used  for  many  small  parts  such  as 
gears,  cams  and  bearing  housings.  For  larger  parts  the  high  melt  viscosity  of  Nylon  causes 
problems  in  filling  the  mold  with  polymer  of  high  molecular  weight.  There  has  been  much 
development  work  on  reaction  injection  molding  (RIM)  methods  where  molten  caprolactam 
monomer  is  cast  or  injection  molded  and  polymerized  in  the  mold.  The  polymerization  can  be 
completed  in  a  few  minutes.  The  low  viscosity  of  the  monomer  allows  large  molds  to  be  filled 
and  the  high  molecular  weight  product  has  excellent  toughness  [2,3],  This  low  viscosity,  rapid 
polymerization  system  could  be  readily  adapted  to  SFF  extrusion  processes. 

Molten  caprolactam,  at  120°C,  is  pumped  through  a  needle  onto  a  heated  platen  to  cause 
polymerization.  A  strongly  basic  catalyst,  sodium  caprolactamate,  and  an  activator,  N- 
acetylcaprolactam,  initiate  the  ring  opening  polymerization  [4],  The  reaction  occurs  rapidly  above 
150°C  and  typically  produces  polymer  in  95-98%  yield. 
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CONCLUSIONS 

Extrusion  methods  of  SFF  allow  considerable  versatility  in  terms  of  the  types  of  materials 
that  can  be  formed.  Apparatus  to  carry  out  this  technique  is  simple  and  readily  constructed.  As 
well  as  being  a  manufacturing  method,  it  provides  a  useful  tool  for  the  materials  engineer  to  test 
the  formation  of  novel  materials.  In  particular  the  layerwise  formation  process  permits  chemical 
production  of  materials  to  final  shape  without  the  normal  limitations  imposed  by  slow  diffusion 
rates  and  large  shrinkages. 
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ABSTRACT 

Three  Dimensional  Printing  is  a  solid  freeform  fabrication  process  which  creates  parts 
directly  from  a  computer  model  by  depositing  in  layers.  Each  layer  is  created  by  depositing 
powder  and  selectively  joining  the  powder  with  binder  applied  by  a  modulated  ink-jet 
printhead.  This  paper  explores  the  application  of  3D  Printing  to  the  manufacture  of  surface 
textures,  where  the  geometric  freedom  of  3D  Printing  is  used  to  create  repetitive  millimeter 
and  sub-millimeter  surface  structures  with  overhangs  and  undercuts.  A  related  aspect  of 
the  work  concerns  the  development  of  computer  representations  of  these  complex 
structures. 

In  one  investigation,  a  "mushroom  field"  surface  texture  was  modeled  and  printed.  Each 
mushroom  consists  of  a  cylinder  with  a  ball  on  top.  These  features  are  printed  in  a 
hexagonal  array  with  each  feature  parallel  to  the  local  surface  normal  of  a  complex  curved 
surface.  In  another  investigation,  textures  were  printed  into  ceramic  molds.  The  textures 
were  transferred  to  metal  (tin-lead,  CoCr)  castings  as  positive  surface  features  with 
overhangs  and  undercuts  and  typical  dimensions  of  700  x  350  x  350|im.  The  application 
of  such  cast  textures  to  bone  fixation  in  orthopaedic  implants  is  discussed. 


MOTIVATION 

Limitations  of  current  methods 

Custom  surface  textures  can  be  produced  on  cast  or  forged  metal  parts  by  various 
standard  manufacturing  processes.  Current  surfacing  methods,  such  as  chemical  etching 
and  sintering,  are  highly  specialized  and  permit  little  variation  over  the  surface  texture 
characteristics.  These  processes  involve  heat  or  chemical  treatments  which  can  alter  the 
crystal  structure  or  create  micro-notches  on  the  surface,  thereby  reducing  the  fatigue 
strength  of  the  bulk  material.  In  addition,  these  methods  are  all  performed  as  secondary 
operations  and  thus  represent  significant  increases  in  component  cost  and  lead  time. 
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3D  Printing  introduces  fundamental  improvements  to  standard  methods.  First,  it 
provides  an  extended  choice  of  geometric  shape  and  surface  texture  configuration  and 
second,  parts  can  be  modified  and  built  directly  from  a  CAD  system  (see  figure  la  &b). 
Another  key  attribute  is  the  uniformity  of  physical  properties  attained  by  the  simultaneous 
fabrication  of  part  and  texture  (see  figure  4).  In  other  words,  3D  Printing  eliminates 
disruptive  intermediate  manufacturing  steps,  such  as  the  surfacing  post-processes 
mentioned  above. 

Application  example 

3D  Printing  (3DP)  technology  can  be  used  to  produce  parts  by  different  strategies.  For 
example,  3DP  can  be  used  to  make  molds  for  investment  casting,  porous  preforms  for 
metal  matrix  composite,  or  direct  polymer,  ceramic,  metal  and  composite  objects  in 
whatever  shape  desired. 

In  one  investigation,  a  texture  printed  on  a  ceramic  mold  was  transferred  to  a  metal 
casting  to  create  millimeter  scale  hooks  or  overhangs  (see  figure  3),  much  like  "Velcro". 
This  type  of  3D  texture  can  be  used  to  improve  the  fixation  strength  of  two  joined  surfaces, 
where  the  hooks  act  as  anchors  for  the  adhesive  material.  To  illustrate  an  application  of 
such  texture,  we  intend  to  use  3D  printing  to  produce  functional  orthopaedic  prostheses 
with  bone  ingrowth  surface  texture.  In  this  case,  we  wish  to  firmly  attach  the  orthopaedic 
implant  to  the  adjacent  bone. 

Orthopaedic  Implant  Application 

Orthopaedic  implants  for  knees  and  hips  are  mainly  manufactured  from  standard 
processes  such  as  investment  casting  (lost  wax)  and  forging  of  cobalt-chrome  or  titanium 
alloys.  In  addition,  surface  post-processing  is  required  in  order  to  create  the  necessary 
mirror  finished  surface  and  porous  surface  texture  at  selected  locations  on  the  prosthesis. 

A  major  issue  with  orthopaedic  joint  prosthesis  is  establishing  their  permanent  fixation 
to  the  adjacent  bone.  The  use  of  porous  surface  texture  for  biologic  attachment  of  implants 
by  the  ingrowth  bone  offers  a  valuable  alternative  to  acrylic  bone  cement  as  a  means  of 
fixation[l].  Specific  surface  porosity  and  pore  size  are  essential  conditions  for  providing 
bone  cells  an  environment  conducive  to  osseointegration.  Numerous  surfacing  techniques 
have  been  designed  to  attach  or  carve  fine  porous  surface  textures  depending  on  the  desired 
feature  geometry,  size  and  material  used.  For  instance,  textures  can  be  shaped  from  fine 
wax  fabrics  glued  on  the  prosthesis  wax  pattern,  sintered  directly  onto  the  metal  part,  laser 
trimmed,  electrochemically  etched  or  by  electrical-discharge  machining  (EDM).  For 
example,  since  forged  parts  exhibit  very  hard  surfaces,  texture  need  to  be  carved  by  EDM 
or  chemical  etching  which  provide  a  2  dimensional  profile  only.  More  complex  texture  can 
be  laser  trimmed,  sintered  or  even  cold  formed  on  cast  parts. 

However,  most  of  these  techniques  affect  the  fatigue  strength  of  material,  and  are 
restrained  to  a  specific  surface  texture  with  little  room  for  varying  surface  parameters 
critical  to  the  performance  of  the  prosthesis.  For  this  reason,  a  process  like  3D  Printing, 
which  allows  the  designers  to  tailor  at  will  surface  characteristics  of  cast  parts,  (see  figure 
2)  is  considered  as  a  promising  alternative  method. 
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PRINTING  SURFACE  TEXTURE;  BASIC  CONSIDERATIONS 

Two  basic  factors  need  to  be  considered  to  print  accurate  surface  texture  conform  to  a  CAD 
model.  First,  the  CAD  file  protocol  needs  to  efficiently  handle  the  geometric  complexity 
associated  with  the  surface  texture.  Second,  the  limitation  of  the  fabrication  processes  must 
be  considered  in  determining  the  minimum  possible  feature  sizes. 

CAD  development 

Introduction 

Mapped-surface  patterns  in  computer  graphics  have  been  widely  used  for  adding  visual 
authenticity  to  an  image  since  it  was  first  suggested  by  Catmull  in  1974[2],  For  example, 
material  recognition  is  greatly  enhanced  by  wrapping  a  wood  grain  pattern  image  around  a 
rectangular  solid  to  create  the  impression  of  a  block  of  wood.  In  contrast  with  two- 
dimensional  patterned  surfaces,  surface  textures  are  three-dimensional  features  physically 
made  on  object  surfaces. 

Geometric  Information  Handling 

A  CAD  file  representing  even  a  simple  repetitive  surface  texture  will  have  to  store  the 
information  for  thousands  of  single  surface  features.  However,  complication  arises  since 
standard  CAD  systems  have  not  been  designed  to  handle  that  many  small  geometric 
features,  resulting  in  an  overflow  of  CAD  information  which  ultimately  overloads  the 
systems.  The  generally  accepted  standard  CAD  model  (STL)  format  reached  its  limitations 
with  attempts  to  represent  texture  information  as  part  of  the  main  CAD  model  even  with  the 
use  of  efficient  tolerance-driven  tessellation  algorithms[3], 

A  more  effective  method  has  been  introduced  to  model  this  specific  kind  of  repetitive 
geometry.  This  new  format  currently  known  as  a  procedure  model[4]  does  not  store  the 
CAD  model  itself  but  the  procedure  generating  the  CAD  model  which  requires  much  less 
storage  space. 

With  this  new  protocol,  the  geometry  of  a  unit  feature  forming  the  surface  texture  is 
characterized  with  the  minimal  amount  of  information  necessary  to  keep  its  conformity  and 
minimize  data  storage  space.  For  example,  the  model  of  a  mushroom  feature 
(see  figure  la)  composed  of  a  cylinder  with  a  sphere  on  top,  would  be  built  from  just  a 
few  bytes  of  parametric  information  labeled  by  a  given  call  number.  All  the  mushroom 
features  assembled  on  the  whole  surface  texture  are  then  represented  only  by  their  call 
number,  position  and  orientation  attributes.  In  other  words,  since  all  of  the  individual 
features  are  exactly  the  same,  they  could  be  simply  copied  from  one  template  CAD  model 
instead  of  being  stored  individually. 

Control  Of  Texture  Arrangement 

Another  important  issue  is  the  distribution  of  the  texture  features  on  the  object  surface 
with  the  desirable  spacing  and  location.  To  indicate  the  specific  region  on  the  object 
surface  where  the  texture  features  may  be  located,  a  texture  field  should  be  defined  by  the 
user.  The  various  software  control  actions  deciding  the  final  position  of  all  individual 
texture  features  are  based  on  distribution  rules  applied  to  that  particular  texture  field 
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boundary.  Using  this  method,  the  position  of  thousands  of  texture  features  can  be 
precisely  defined  in  order  to  satisfy  predetermined  design  conditions  assuring  the  desired 
surface  properties. 

Cad  Implementation  Preliminary  Results 

A  first  effort  to  implement  a  CAD  model  with  surface  texture  using  the  procedural 
method  has  been  made  on  quadratic  object  surfaces  such  as  spheres,  conic  cylinders,  and 
toroids  using  an  IRIS-4D-70GT-Indigo  workstation  as  platform.  An  example  of  a  CAD 
model  and  its  physical  3D  printed  part  are  shown  in  figure  la  &  lb.  Currently,  the  texture 
field  is  defined  as  a  complex  surface  bound  by  an  arbitrary  NURBS  curve  user- 
interactively  defined  in  the  (u,  v)  parametric  domain.  Once  the  texture  field  is  defined,  each 
position  of  single  texture  feature  is  carefully  computed  by  considering  the  desired  spacing 
and  size  of  the  texture  feature  set  by  the  user.  Those  same  position  points  defined  in  the 
parametric  domain  are  then  mapped  onto  the  real  object  domain  in  order  to  set  the  real 
position  of  each  feature  on  the  object  surface.  Thereafter,  the  template  CAD  model  of  one 
feature  (mushroom  for  example)  is  copied  into  every  single  position  previously  calculated 
in  order  to  construct  the  entire  surface  texture  arrangement.  The  orientation  of  each  feature 
will  exactly  coincide  with  the  normal  vector  pointing  outside  the  object  at  each  particular 
location.  Finally,  once  the  CAD  information  of  a  part  and  texture  is  well  characterized,  the 
model  can  now  be  directly  translated  into  manufacturing  machine  commands  necessary  to 
control  the  3D  Printing  machine. 

As  described  before,  the  CAD  model  constructed  in  this  example  is  only  for 
demonstration  and  verification  of  the  underlying  concepts.  The  next  step  is  to  generalize 
the  method  for  random  part  shapes  described  with  the  STL  format,  combined  with  a 
procedural  format  to  represent  the  texture  characteristics. 

Dimensional  Limits 

As  with  any  manufacturing  process,  3D  Printing  fields  of  application  are  partly 
determined  by  the  resolution,  accuracy  and  minimum  feature  size  it  can  achieve.  In  3D 
Printing,  features  can  be  defined  as  positive  feature  (or  protrusion)  when  created  by  an 
aggregate  of  primitives,  or  negative  feature  (cavity)  when  surrounded  by  a  group  of 
primitives.  The  minimum  positive  feature  size  is  defined  by  the  primitives  size  or  in  other 
words,  the  size  of  single  drops  and  lines  of  drops  forming  the  building  blocks  of  the  parts. 
The  minimum  negative  feature  size  can  be  smaller  as  it  is  determined  by  the  need  to  remove 
powder  to  define  the  feature. 

The  overall  accuracy  of  the  3D  printer  is  determined  by  the  combination  of  the  errors 
introduced  by  each  machine  component.  Printing  surface  textures  is  a  particularly 
demanding  application  and  makes  a  thorough  understanding  of  these  errors  a  crucial  step  to 
success. 

Minimum  Feature  Size 

3D  Printing  is  a  material  additive  manufacturing  process  as  opposed  to  a  subtractive, 
forming  or  phase  change  process.  The  material  is  added,  as  droplets  ejected  from  a  nozzle 
hits  and  binds  a  small  region  of  the  powder  bed.  The  primitive  size  corresponds  to  the 
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powder-binder  agglomerate  formed  by  a  single  droplet.  The  printed  ball  diameter  is 
determined  by  various  factors  including  binder  drop  chemical  composition  and  size, 
powder  chemical  composition  and  size,  layer  thickness,  powder  bed  density  and  surface 
tension.  A  succession  of  drop  primitives  forms  lines  which  will  form  planes  into  a  solid 
3D  object  on  a  layer  by  layer  basis.  The  minimum  size  of  the  positive  feature  (protrusion) 
forming  surface  texture  is  bound  by  the  drop  primitive  size  mentioned  above. 

For  example,  a  75pm  drop  of  colloidal  silica  printed  on  a  175pm  layer  thickness  of 
alumina  powder  will  form  a  125pm  drop  primitive  .  Then,  if  primitives  are  overlaid  on 
each  other  every  20pm,  they  will  form  a  200pm  wide  line.  Hence,  texture  can  be  produced 
as  protrusion  (positive)  features  as  small  as  200  pm.  On  the  other  hand,  cavity  or  negative 
features  need  to  be  large  enough  to  let  the  trapped  unbound  ceramic  to  be  removed  easily 
from  cavity.  As  a  rule  of  thumb,  the  cavity  should  be  at  least  as  large  as  four  or  five 
ceramic  grain  size,  which  is  in  our  case  approximately  120- 150pm  for  30  pm  alumina 
powder. 

Figure  5  shows  an  alumina  mold  produced  for  investment  casting  of  a  texture.  It  reveals 
detailed  features  in  the  size  range  of  375pm,  and  it  should  be  noted  that  positive  feature  size 
is  about  twice  as  big  as  the  primitive  size  in  order  to  sustain  the  pouring  stresses  caused  by 
the  liquid  metal  rushing  into  the  mold.  Negative  features  or  cavities  are  also  slightly  bigger 
than  the  minimum  admissible  size  (~  120pm)  to  prevent  misrun  or  incomplete  mold  filling 
due  to  metal  surface  tension. 

Machine  Accuracy 

The  ability  to  reproduce  fine  textures  relies  heavily  on  the  machine  accuracy.  This 
accuracy  depends  on  the  errors  introduced  in  the  system  by  each  component  of  the 
machine.  The  final  combination  of  the  machine  errors,  including  the  controller  errors,  is 
done  within  an  error  budget.  An  error  budget  is  a  system  analysis  tool,  used  for  prediction 
and  control  of  the  total  error  of  a  system  when  accuracy  is  an  important  measure  of 
performance^].  To  find  and  organize  the  different  types  of  error  contributors  into  a 
budget,  one  considers  the  chain  of  all  elements  connecting  the  tool  (printhead)  to  the 
workpiece  (powder  bed)  through  out  the  machine.  This  chain  consists  of  all  machine 
elements  which  provide  mechanical  support  for  the  printhead  and  powder  bed,  and 
components  which  measure  or  control  the  position  of  the  printhead.  This  structural  chain, 
referred  as  a  metrology  loop[7]  is  showed  for  the  3D  Printing  machine  (figure  8).  All  the 
error  sources  are  combined  selectively  for  the  three  axes  into  a  final  number  representing 
the  achievable  accuracy  in  terms  of  surface  finish,  form  and  size  of  the  produced  3D  printed 
part.  A  preliminary  analysis  of  the  3D  printer  error  budget  showed  that  a  large  fraction  of 
errors  originate  from  just  a  few  components  of  the  machine,  most  notably  the  electrostatic 
printhead. 

Printhead  Accuracy;  Simulation  and  Experiment 

One  of  the  major  contributors  to  drop  placement  error  is  the  electrostatic  printhead  and 
the  various  secondary  effects  related  to  it[5].  The  electrostatic  printhead  (figure  6)  consists 
of  a  continuous  jet  of  droplets  printed  in  either  binary  or  proportional  deflection  mode.  In 
the  binary  mode,  selected  drops  can  either  be  fully  charged  or  neutral,  in  order  to  be  either 
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deflected  away  in  a  drop  catcher  or  printed  on  the  powder.  In  the  proportional  deflection 
mode,  droplets  are  partially  charged  in  order  to  be  positioned  proportionally  to  their  charge, 
on  either  side  of  the  stream  axis  (figure  6) . 

Potential  deflection  errors  are  determined  from  two  basic  disturbances  affecting  the 
droplet  charge  and  speed;  electrostatic  interaction  between  drops  and  aerodynamic 
forces[5].  The  exact  charge  carried  by  each  drop  determines  the  final  proportionally 
deflected  position.  Any  secondary  effects  changing  the  initial  desired  charge  or  speed  will 
generate  subsequent  droplet  positioning  error. 

As  mentioned,  positioning  error  is  also  caused  from  drag  forces  acting  on  the  jet  stream 
by  slowing  down  the  initial  drop  velocity  along  their  path.  A  simulation  of  this  effect  has 
been  conducted  to  determine  the  distance  from  the  charging  electrode  where  drag  forces 
make  the  leading  drop  merge  with  the  subsequent  drops,  (figure  7).  In  this  process, 
merged  drops  are  regarded  as  unacceptable  for  accurate  printing.  Experimentation  on  a 
train  of  drops  in  still  air  confirmed  the  results  obtained  in  the  simulation  where  the  first 
merge  occurred  at  about  15  mm  from  the  charging  electrode.  Fortunately,  most  of  the  drag 
forces  can  be  counteracted  with  software  compensation  by  removing  problematic  drops, 
modifying  charging  pattern  or  printing  closer  to  the  powder  bed. 

Analytically  describing  the  combination  of  all  the  drops  interaction  in  the  printhead 
becomes  extremely  complex.  Therefore,  most  of  the  error  compensations  incorporated  in  a 
software  algorithm  will  be  based  on  experimental  data  in  the  process  of  being  compiled  for 
now. 


CONCLUSION 

3D  Printing  has  been  used  to  create  complex  surface  textures  with  overhangs  and 
undercuts.  Such  textures  have  been  fabricated  on  ceramic  molds  and  transferred  to 
castings  of  tin-lead  and  high  melt  temperature  CoCr  alloys.  The  resulting  textures, 
intended  for  use  as  bone  ingrowth  surfaces  for  orthopaedic  implants,  have  40%  porosity 
with  an  average  pore  size  of  350p.m.  The  3D  printed  ceramic  molds  were  generated 
directly  from  a  CAD  model  with  minimal  software  error  compensation.  Research  is  under 
way  to  compile  an  error  compensation  scheme  that  will  improve  even  more  the  actual 
accuracy  and  surface  finish  of  3D  printed  parts.  This  will  lead  to  eventually  print  a  full  size 
ceramic  mold  to  produce  functional  casting  of  orthopaedic  prosthesis  with  bone  ingrowth 
surface  texture. 

The  current  3D  Printing  machine  design  produces  minimum  feature  size  in  the  range  of 
175  (im  diameter  (on  alumina  powder)  which  can  be  positioned  on  the  powder  bed  with  an 
approximate  accuracy  of  ±5  to  25  pm  depending  on  the  part  orientation.  The  formulation 
of  an  error  budget  will  help  to  elucidate  the  most  important  factors  influencing  accuracy  and 
guide  future  designs  and  developments  of  the  machine.  Research  in  powder  and  binder 
materials  is  under  way  in  order  to  better  understand  and  improve  our  dimensional  control 
over  the  primitive  size. 

Many  applications  will  benefit  from  the  use  of  3D  Printing  for  its  flexibility  and  fast 
turnaround  time.  Moreover,  it  opens  new  fields  of  applications  requiring  enhanced  surface 
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features,  such  as  protrusions,  cavities,  overhangs  and  undercuts  in  the  millimeter  or  sub¬ 
millimeter  range.  Finally,  designers  now  have  access  to  a  new  process  likely  to  be  used  for 
production,  as  well  as  a  design  of  experiment  tool.  Different  conceptual  product  variations 
could  now  be  compared  to  optimize  functionality,  cost  effectiveness  or  other  issues. 
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FIGURES 


Figure  la):  CAD  model  of  a  torus  shape 
with  mushroom  surface. 


Figure  lb):  3D  printed  torus  of  CAD 
model  of  figure  latexture. 


Figure  2:  Tin-lead  castings  of  2  different  textures  cast  from  an  Aluminum  Oxide  mold  featuring  textures 
(=400  pm  size)  generated  from  macro-cavities  directly  printed  onto  the  mold  surfaces. 


Figure  3:  SEM  of  "Velcro"  tin-lead  casting.  Figure  4:  SEM  of  CoCr  texture  on  a  6mm  dia 

(arches  are  1.2mmL  x  0.35mm W)  cylinder. 
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Figure  (cont'd) 
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Figure  5.  Alumina  mold  for  investment  casting  of  a  Figure  6:  Electrostatic  printhead  schematic, 

surface  textured  part  (each  line  is  350pm  wide). 
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Figure  7:  Simulation  of  drop  merge  distance  in  still  air  as  a  function  of  flow  rate. 
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ABSTRACT 

Metal  matrix  alloy  composite  parts  were  made  from  powders  by  Selective  Laser  Sintering  (SLS). 
In  this  study,  partially  dense  (60%-80%)  metal  parts  made  by  SLS  were  densified  to  full  density 
(>98%)  by  hot  isostatic  pressing  (HIPping)  without  any  loss  of  shape.  HIPping  was  done  by 
vacuum  sealing  SLS  samples  in  glass  capsules.  HIPping  parameters,  such  as,  temperature, 
pressure,  and  time,  were  studied  with  respect  to  density,  linear  shrinkage,  and  microstructures. 
Anisotropy  in  linear  shrinkage  was  correlated  to  the  SLS  processing  parameters.  Densification 
resulting  from  HIPping  was  correlated  to  microstructures  and  theoretical  HIP  densification  maps. 
A  detailed  analysis  of  such  maps  is  presented. 

INTRODUCTION 

The  ultimate  aim  of  rapid  manufacturing  processes  is  to  fabricate  three-dimensional  fully 
functional  parts  directly  from  metals  and  ceramic  materials,  without  the  use  of  any  intermediate 
binders  or  any  other  materials  which  may  require  additional  processing  steps  before  or  after  the 
rapid  prototyping  operation.  Selective  Laser  Sintering  is  one  of  the  few  rapid  manufacturing 
processes  which  possesses  the  capability  of  producing  such  structurally  sound  parts  directly  from 
metals  and  ceramics  [1-4].  Feasibility  of  producing  metal  parts  directly  by  SLS  has  been 
demonstrated  using  various  metal  systems  [5-12].  However,  SLS  parts  of  metals  and  ceramics  are 
not  fully  dense  and  hence  require  post  processing  to  obtain  near  full  density.  Typically,  infiltration 
and  conventional  sintering,  such  as  solid  state  or  liquid  phase  sintering  have  been  employed  so  far 
as  post-processing  steps  for  SLS  parts  [1-4].  These  post-processing  techniques  produce  near-full 
density  parts,  but  still  leave  behind  closed  pores  and  result  in  anisotropic  and  unpredictable 
shrinkage  during  densification.  In  this  study,  SLS  metal  parts  have  been  post  processed  to  full 
density  by  Hot  Isostatic  Pressing  (HIPping). 

Hot  isostatic  pressing  is  a  materials  processing  technique  in  which  high  isostatic  pressure  is 
applied  to  a  powder  part  or  compact  preform  at  elevated  temperatures  to  produce  particle  bonding 
[13-15].  This  process  usually  results  in  a  fully  dense  body,  although  partially  dense  bodies  can 
also  be  intentionally  produced.  In  hot  isostatic  pressing,  the  contact  between  the  particles  is 
increased  due  to  deformation  by  the  external  forces  and  the  thermal  mobility  of  the  atoms. 
Therefore,  with  HIPping  it  is  possible  to  produce  a  part  with  a  density  approaching  the  theoretical 
density  and  with  properties  of  bulk  metal. 

Based  on  certain  constitutive  equations  [16-18],  the  exact  mechanism  driving  the 
densification  process  can  easily  be  determined  during  HIPping  at  a  given  set  of  process 
parameters.  Using  these  equations,  densification  maps  are  constructed  for  various  material 
systems.  From  such  maps,  shown  later  for  single  phase  pre-alloyed  bronze  powders,  it  can  be 
easily  seen  that  at  low  temperatures  and  short  time,  yielding  is  the  dominant  mechanism  by  which 
densification  takes  place.  At  high  temperatures  and  long  times,  power-law  creep  is  the  dominant 
mechanism  by  which  densification  takes  place.  Although  such  maps  exist  for  various  single  phase 
metal  and  ceramic  systems,  densification  maps  for  multi-phase  systems  have  rarely  been  studied. 
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Also,  such  maps  do  not  take  into  account  the  effect  of  phase  transformations  on  the  densification 
process. 

As  the  pressing  temperatures  increases,  the  amount  of  pressure  necessary  for  compaction 
decreases.  Typically,  HIPping  temperatures  range  from  450°C  for  aluminum  alloys  to  1700°C  for 
tungsten.  Pressures  are  usually  applied  using  argon  gas  as  the  pressure  transmitting  medium  and 
HIPping  pressures  range  from  20MPa  to  300MPa.  The  duration  of  the  pressing  cycle  is  also 
important,  since  at  high  temperatures  lengthy  pressing  leads  to  creep.  The  longer  the  pressing  is 
done,  the  greater  the  density  and  the  better  the  properties  of  the  pressing  at  a  given  temperature  and 
pressure.  Lengthy  pressing  also  brings  about  more  complete  reduction  of  oxides,  softening  and 
recrystallization,  which  lead  to  an  improvement  in  the  plastic  properties  of  the  part.  In  addition  to 
temperature,  pressure,  and  time,  particle  characteristics  such  as  particle  size  also  play  an  important 
role  in  densification  during  HIPping. 

In  this  study,  HIPping  was  explored  as  a  post  processing  route  for  SLS  metal  parts.  SLS 
bronze-nickel  parts,  previously  used  to  study  the  structural  integrity  and  effect  of  post  processing 
by  conventional  liquid  phase  sintering  [10-12],  were  used  for  HIPping.  SLS  parts  typically  have 
surface  connected  and  interconnected  pores.  Therefore,  such  parts  require  the  surface  to  be  sealed 
or  the  part  to  be  encapsulated  such  that  the  pressure  transmitting  medium,  argon  gas,  does  not  flow 
into  the  pores  in  the  part.  Presence  of  high  pressure  gas  in  the  interconnected  pores  will  prevent 
them  from  "closing"  during  the  HIP  processing.  To  seal  such  parts,  the  parts  are  encapsulated  in 
an  envelope  such  that  the  "empty  space"  in  the  pores  is  "squeezed"  out  during  HIPping  and  the 
pores  close  to  form  a  fully  dense  part. 

The  basic  requirements  for  the  encapsulation  material  are  that  it  should  be  relatively  strong, 
gas  tight,  inert  and  plastic  under  the  applied  temperature  and  pressure  conditions,  compatible  with 
the  material  to  be  densified  so  as  to  minimize  diffusion  reactions  and  easily  removable.  Several 
materials  and  techniques  are  used  for  encapsulation  of  powders  and  compact  preforms  for  HIP 
processing  [13-15], 

In  this  study,  the  SLS  bronze-nickel  parts  for  HIPping  were  contained  in  a  vacuum-sealed 
glass  capsule.  Glass  encapsulation  has  so  far  been  used  only  on  experimental  basis. 
Commercially,  sheet  metal  containers  or  ceramic  containers  are  commonly  used.  Glass 
encapsulation  was  used  instead  of  sheet  metal  containers  or  ceramic  containers  because  of  the  ease 
with  which  glass  can  be  shaped  to  take  the  form  of  SLS  parts  irrespective  of  the  complex  nature  of 
the  part.  Unlike  sheet  metal  and  ceramics,  glass  becomes  vitreous  at  high  temperatures  and  hence 
can  flow  easily  and  conform  to  the  shape  of  the  preform  or  in  this  study,  the  SLS  part. 

EXPERIMENTAL  PROCEDURE 

GLASS  ENCAPSULATION  OF  SLS  BRONZE-NICKEL  PARTS 

SLS  bronze-nickel  samples  of -70%  density  were  cut  from  the  shoulder  section  of  broken 
tension  test  coupons,  previously  tension  tested  [10-12],  into  small  sections  of  1.5cm  x  1.5cm  x 

0.5cm  dimensions.  The  samples  were  degassed  by  annealing  them  at  450°C  in  H2  for  2  hours. 
Commercial  borosilicate  glass  tubes  of  O.D.  19  mm  and  I.D.  15.5  mm  were  used  as  the  container 

material.  The  tube  and  the  sample  were  thoroughly  dried  in  an  oven  at  150°C.  One  end  of  the 
glass  tube  was  sealed  by  a  conventional  glass  blowing  method  using  an  oxy-acetylene  torch.  The 
SLS  sample  was  then  placed  in  the  tube  and  a  small  constriction  was  made  in  the  tube,  -2-4  cm 
above  the  sample,  by  the  usual  glass  blowing  technique  using  a  torch.  Figures  1A  and  IB  show 
schematically  the  stages  involved  in  vacuum  sealed  glass  encapsulation  of  the  SLS  parts.  The 
constriction  was  as  small  as  possible. 
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The  glass  tube  with  the  sample  and  the  constriction  was  then  evacuated  using  a  diffusion 
pump  which  was  backed  up  by  a  mechanical  pump,  Figure  IB.  A  liquid  nitrogen  cold-trap  was 
used  in  the  evacuation  to  ensure  efficient  evacuation  and  prevent  any  contamination  of  the  diffusion 
pump.  The  glass  tube  with  the  sample  was  evacuated  to  a  vacuum  of  ~10'5  torr.  Once  the  desired 
vacuum  level  was  reached,  the  constricted  part  of  the  tube  was  sealed  completely,  using  the  torch, 
and  removed  from  the  remaining  part  of  the  tube. 

HOT  ISOSTATIC  PRESSING  OF  SLS  BRONZE-NICKEL  PARTS 

HIPping  of  the  vacuum-sealed  glass  encapsulated  SLS  bronze-nickel  samples  was  done  at 

three  different  temperatures  of  750°C,  825°C,  and  900°C  with  a  pressure  of  124MPa  (18ksi)  for 
1,  2  or  3  hours.  Similarly,  HIPping  of  SLS  bronze-nickel  samples  of  starting  density  70%  was 
done  with  three  different  pressures  of  69 MPa  (lOksi),  124MPa  (18ksi),  and  180MPa  (26ksi)  at 

825°C  for  1,  2  or  3  hours.  Sample  dimensions  and  weight  were  measured  before  and  after 
HIPping  to  determine  densification. 

RESULTS  AND  DISCUSSION 

SLS  bronze-nickel  samples  exhibited  densification  at  the  various  HIPping  temperatures, 
pressures  and  times  used  in  this  study.  The  extent  of  densification  observed  varied  with  these 
variables.  As  shown  in  Figures  2,  density  increased  with  increasing  temperatures,  pressures  and 
times  and  approached  theoretical  density  at  high  values  of  these  variables. 

Densification  of  SLS  bronze-nickel  parts  during  HIPping  was  accompanied  with  phase 
transformation  between  bronze  and  nickel  phases,  Figures  3  and  4.  Bronze,  predominantly  copper 
(90  Wt.%),  and  nickel  homogenize  at  high  temperatures  by  interdiffusion  between  bronze  and 
nickel  to  form  a  homogeneous  solid  solution.  The  degree  of  homogenization  depends  on 
temperature  and  time  of  sintering  or  HIPping.  As  evidenced  by  (31 1)  peak  broadening  of  copper 
and  nickel,  shown  in  Figures  3,  at  low  temperatures  and  short  times  only  partial  homogenization 
occurs  and  complete  homogenization  occurs  at  high  temperatures  and  long  times.  As  a  result  of 
chemical  homogenization,  the  bronze  phase  disappears  completely  leaving  behind  pores  in  its  place 
and  an  expanded  solid  solution  of  bronze  in  nickel.  This  happens  due  to  a  faster  diffusion  rate  of 
copper  into  nickel  than  that  of  nickel  into  copper,  which  results  in  the  Kirkendall  effect.  Therefore, 
the  pores  created  at  this  stage  are  referred  to  as  Kirkendall  porosity.  Due  to  the  generation  of 
Kirkendall  pores  and  expansion  of  nickel  phase,  the  samples  may  undergo  growth  or  swelling 
instead  of  shrinkage,  as  has  been  observed  in  SLS  bronze-nickel  parts  during  conventional 

sintering  below  1000°C  [10-12].  Although,  as  shown  in  Figures  3  and  4,  chemical 
homogenozation  between  bronze  and  nickel  was  observed  in  the  SLS  bronze-nickel  parts  during 
HIPping  also,  no  overall  expansion  or  growth  of  the  SLS  parts  was  observed  during  HIPping. 
Parts  processed  at  lower  temperatures  and  pressures,  which  exhibit  low  density,  show  partial 
homogenization  with  Kirkendall  pores  present  at  the  boundaries  of  homogenized  and  non- 
homogenized  phases.  Figure  4b.  However,  parts  processed  at  high  temperatures  and  pressures, 
which  exhibit  nearly  full  density,  also  show  partial  homogenization  but  absence  of  any  Kirkendall 
pores,  Figure  4c. 

As  a  result  of  chemical  homogenization  between  bronze  and  nickel,  and  generation  of 
Kirkendall  pores,  the  densification  of  the  bronze-nickel  samples  is  considerably  slower  than 
predicted  by  theoretical  densification  maps  for  single  phase  pre-alloyed  bronze.  Figures  5  show 
the  densification  of  bronze-nickel  samples  observed  in  this  study  relative  to  theoretical  densification 

curve  for  pure  bronze  of  50pm  particle  size.  The  theoretical  HIP  densification  map  for  bronze  was 
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Figure  1:  [A]  A  schematic  representation  of  the  glass  encapsulation  used  in 
this  study  (a)  glass  tube  with  both  ends  open,  (b)  glass  tube  with  one  end 
sealed  and  the  sample  in  the  tube,  (c)  glass  tube  with  the  sample  in  it  and  a 
constriction,  and  (d)  vacuum  sealed  glass  capsule  with  the  sample  in  it,  and 
[B]  A  schematic  representation  of  evacuation  procedure  for  glass 
encapsulation  of  SLS  part. 
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Figure  2:  Density  of  SLS  bronze-nickel  parts  as  a  function  of  (A)  HIPping 
temperature  and  time  at  a  constant  pressure  of  124MPa,  (B)  HIPping 
pressure  and  time  at  a  constant  temperature  of  825°C. 
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validated  experimentally  by  HIPping  of  a  single  phase  pre-alloyed  bronze  sample  at  750°C  at 
69MPa  for  1  hour  which  yielded  nearly  full  density  in  accordance  with  the  map.  However,  the 
experimental  data  for  SLS  bronze-nickel  parts  are  well  to  the  right  of  the  theoretical  curves 
indicating  a  much  slower  densification  in  the  bronze-nickel  samples.  Therefore,  densification  is 
slowed  down  during  HIPping  of  mixed  phases,  such  as  bronze-nickel,  which  form  a  solid  solution 
at  HIPping  temperatures  resulting  in  Kirkendall  pores  which  oppose  the  on-going  densification. 
Theoretical  HIP  maps  do  not  account  for  such  phase  transformations  and  their  effect  on 
densification  during  HIPping.  Low  HIPping  temperatures  and  pressures  and  short  time  of 
HIPping  cause  nearly  complete  removal  of  pores  present  due  to  SLS  but  do  not  result  in  removal 
of  Kirkendall  pores  created  due  to  homogenization  during  HIPping.  Therefore,  such  processing 
conditions  which  do  not  remove  the  Kirkendall  pores  completely  result  in  less  than  full  density. 
However,  high  temperatures  and  pressures  result  in  removal  of  both  the  pores  due  to  SLS  as  well 
as  the  Kirkendall  pores  created  due  to  homogenization  during  HIPping. 

Net  volume  changes  (shrinkage)  of  SLS  parts  during  HIPping  was  in  accordance  with  the 

observed  density  changes.  However,  the  linear  dimensional  changes,  AL/L0,  were  not  the  same  in 
all  three  directions,  as  observed  earlier  in  conventional  liquid  phase  sintering  of  such  parts.  Figure 

6A  shows  the  shrinkage  in  parts  HIPped  at  825°C  and  69MPa  for  varying  times.  The  linear 
dimensional  shrinkage  in  these  parts  was  anisotropic  with  least  shrinkage  in  the  scan  direction  and 
maximum  shrinkage  in  the  thickness  or  build-up  direction.  Similar  shrinkages  have  been  observed 
in  SLS  parts  when  subjected  to  conventional  liquid  phase  sintering  [10-12],  In  either  case, 
maximum  shrinkage  in  thickness  direction  is  observed  due  to  lowest  density  along  that  direction 
due  to  poor  sintering  between  layers  during  SLS  and  minimum  shrinkage  in  the  scan  direction  due 
higher  degree  of  sintering  during  SLS  along  the  scan  direction.  However,  the  degree  of 
anisotropic  shrinkage  observed  during  HIPping  is  lower  than  that  observed  during  liquid  phase 
sintering.  Comparision  of  Figures  6A  and  6B  shows  that  the  difference  in  shrinkage  between 
thickness  and  scan  direction  is  lower  in  HIPped  parts.  HIPping  is  done  at  temperatures  well  below 
the  liquid  phase  sintering  temperatures,  therefore  there  is  little  or  no  liquid  phase  formed  during 
HIPping.  Also,  HIPping  is  done  under  isostatic  pressures,  therefore  there  is  minimal  effect  of 
gravity  aiding  the  densification  or  flow  of  liquid  in  the  direction  of  gravity  which  coincides  with  the 
thickness  or  build-up  direction  during  both  the  HIPping  as  well  as  liquid  phase  sintering 
processes.  Therefore,  the  anisotropy  observed  in  HIPping  of  SLS  parts  represents  a  more  precise 
picture  of  density  gradient  present  in  parts  due  to  SLS. 

CONCLUSIONS 

A  framework  for  encapsulation  of  SLS  parts  for  HIPping  has  been  established  using  glass 
containers.  Glass  encapsulation  is  an  easy,  flexible,  and  economical  method  for  encapsulating 
complex  shapes.  Densification  studies  of  SLS  bronze-nickel  parts  by  HIPping  resulted  in  higher 
density  parts  with  increasing  temperatures,  pressures  and  times.  However,  the  densification  of 
SLS  bronze-nickel  parts  was  slower  than  that  predicted  by  theoretical  HIP  densification  maps  due 
to  generation  of  Kirkendall  pores  arising  from  the  chemical  homogenization  between  bronze  and 
nickel  phases  during  HIPping.  The  anisotropy  in  linear  dimensional  changes  during  HIPping  is 
not  influenced  by  liquid  phase  or  effect  of  gravity,  thus  giving  a  precise  picture  of  anisotropy 
present  in  parts  due  to  SLS. 
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Sprayed  Metal  Shells  for  Tooling: 

Improving  the  Mechanical  Properties 
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F.  B.  Prinz,  Engineering  Design  Research  Center,  Carnegie  Mellon  University. 

Abstract 

This  work  describes  methods  to  improve  the  quality  of  the  metal  resulting  from  thermal  spray  de¬ 
position,  including  both  the  mechanical  and  metallurgical  behavior.  The  engineering  context  is  the 
production  of  sprayed  metal  shells  suitable  for  tooling  applications.  The  sprayed  metal  shells  are 
mechanically  dominated  by  interparticle  interfaces;  the  particles  are  largely  mechanically  inter¬ 
locked  with  very  little  metallurgical  bonding.  Based  on  these  observations,  improvements  are 
made  to  these  interfaces,  and  the  measure  of  the  improvement  is  shown  in  mechanical  tests. 

Rapid  Tooling  and  Sprayed  Material 

Rapid  manufacturing  of  tooling  for  injection  molding,  stamping,  composite  lay-up,  casting,  or 
similar  processes  where  the  shape  of  the  tool  is  critical  presents  a  challenging  problem  possess¬ 
ing  considerable  commercial  potential  (Rothdeutsch  1990;  Weiss,  Gursoz  et  al.  1990).  The  tool, 
die,  and  fixture  market  amounted  to  about  5  xl09  US$  in  1989,  and  prototype  to  medium  life 
tooling  accounts  for  about  15%  or  750  xl06  US$  of  the  total.  The  commercial  literature  reports 
the  creation  of  such  tooling  by  arc-spraying  zinc  and  zinc  alloys  for  at  least  30  years  (MOGUL 
1963),  and  thick  sprayed  zinc  structures  have  been  in  the  literature  for  68  years  (Turner  and 
Budgen  1926).  Commercially  viable,  they  save  as  much  as  80%  to  90%  of  the  time  required  to 
make  a  prototype  tool  (two  weeks  for  sprayed  zinc  versus  twenty  weeks  for  machined  steel),  and 
75%  of  the  cost  (perhaps  $4,000  versus  $16,000).  These  alloy  systems,  however,  arc  relatively 
soft  and  prone  to  wear  and  loading  failure,  which  limits  their  usefulness  to  prototype  tooling  ap¬ 
plications  and  low  pressure  applications  such  as  reaction  injection  molding  tooling. 

Tools  made  from  ferrous 
systems(Fussell  and  Weiss  1990; 
Fussell,  Patrick  et  al.  1991)  arc  of 
greater  applicability,  both  for 
prototyping  and  limited  production. 
Other  possibilities  for  the  materials  of 
the  tool  face  include  aluminum  bronze 
(Milovich  1989),  which  has  much 
greater  wear  resistance  compared  to 
zinc  systems. 

Figure  1.  Schematic  cross  section  of  a  sprayed  tool;  ,  .,  ,, 

Angling  the  frame  interior  helps  support  We  describe  the  part  and  patterns 

compressive  loads  on  the  tool  face.  needed  to  make  the  part  s  mold  or  die 

in  a  CAD  system.  A  solid  freeform 
fabrication  process,  stereolithography  (Hull  1986;  Hull  1990)  in  this  case,  autonomously  creates 
the  pattern  in  a  matter  of  days.  The  shells  are  fabricated  by  spraying  metal  using  an  arc-spray 
device  to  create  the  tooling  face  and  structure.  Then,  support  material  fills  the  back  side  of  the 
tooling  cavity  to  sustain  the  compressive  service  loads.  Figure  1  shows  a  cross  section  of  such  a 
tool.  For  service  at  elevated  temperatures  (-450  °C);  it  is  desirable  to  match  the  coefficients  of 
thermal  expansion  of  the  sprayed  tooling  material  and  the  backing  material. 

The  basic  fabrication  of  these  sprayed  ferrous  tools  had  been  described  in  (Fussell  and  Weiss 
1990;  Weiss  and  Schultz  1992;  Weiss,  Prinz  et  al.  1993).  There  are  a  number  of  concerns  for  a 

t  to  whom  correspondence  should  be  addressed: 

P.  S.  Fussell,  Alcoa  Technical  Center,  100  Technical  Drive,  Alcoa  Center,  Pennsylvania  15069  USA 
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tool  made  in  this  way.  After  finishing  the  arc-spraying,  the  shell  and  the  substrate  still  contain 
considerable  internal  stress,  albeit  in  equilibrium  (Gill  and  Clyne  1990;  Gill  1991).  The  presence 
of  internal  stress  in  the  shell,  as  well  as  a  mismatch  of  coefficients  of  thermal  expansion,  raise 
questions  of  the  shell’s  geometric  stability  at  elevated  temperatures,  and  over  long  times.  Finally, 
the  spray  process  is  poorly  suited  for  spraying  into  narrow  channels  and  small  aspect  ratio  holes. 


K# 


& 


Stronger  Weaker 

Figure  2.  Generalized  Continuum  of  Material  Strength; 

(as-formed  or  as-cast  materials). 


Sprayed  metal  is  chosen  to  provide  the  working  surface  of  the  tool  for  pragmatic  reasons:  once 
we  have  created  the  pattern’s  surface  geometry,  a  complete  working  surface  representing  that  ge¬ 
ometry  can  be  created  in  short  order.  On  a  generalized  continuum  of  material  strength,  ther¬ 
mally  sprayed  metal,  one  of  several  alternatives,  fits  as  shown  in  Figure  2.  Poorly  thermally 
sprayed  metal  has  a  tensile  strength  about  5%  of  wrought  material  of  the  same  alloy.  This  is 
compared  to  50%  to  80%  of  normalized  wrought  materials  for  droplet  deposited  steel  (Merz 
1994). 

However,  Figure  3,  another  generalized  continuum  with  respect  to  the  time  required  to  form 
complex  geometries,  highlights  the  economic  interest  in  quickly  forming  complex  shapes.  The 
thermally  sprayed  material  can  quickly  deliver  a  complex  geometry. 


& 


& 


Quickly  Slowly 

Figure  3.  Generalized  Continuum  of  Time  Required  to  Form  into  Complex  Shape. 


In  the  same  way  that  a  tool’s  geometry  determines  much  of  its  function,  much  of  the  tool’s 
strength  and  wear  characteristics  are  determined  by  the  microstructure  of  the  sprayed  shell.  The 
work  described  here  is  an  attempt  to  find  methods  to  locally,  i.e.,  microstructurally,  improve  the 
mechanical  properties  performance  of  the  thermally  sprayed  metal.  In  short,  the  work  here  de¬ 
scribes  ways  to  move  thermally  sprayed  ferrous  and  allied  materials  further  up  the  continuum  of 
strength  displayed  in  Figure  2,  while  retaining  the  economic  advantages  created  by  speed  of 
manufacture  as  shown  in  Figure  3.  The  methods  explored  here  follow  a  path:  reduce  the  oxide 
content,  promote  metallurgical  bonding  by  permitting  diffusion  bonding  to  take  place,  and  at¬ 
tempt  to  promote  metallurgical  bonding  by  adding  superheat  to  the  droplets  that  form  the  lamella 
of  the  shell. 


One  extremely  interesting  aspect  of  the  sprayed  tool  work  is  its  ability  to  build  large  tooling 
structures.  Other  newly  developing  rapid  prototype  systems  suitable  for  manufacturing  face  the 
boundaries  of  either  the  volume  of  the  tool  they  are  building,  or  at  the  best  by  the  surface  area  of 
the  tool.  Thus  a  doubling  of  tool  volume  can  amount  to  an  eight  fold  increase  in  production  time. 


75 


The  thermally  sprayed  tool,  however,  is  bound  by  the  area  of  the  working  surface.  Scaling  up 
from  the  current  tooling  experiments  of  0.5  m  by  0.5  m  to  tools  requiring  sizes  of  2  m  by  0.5  m 
will  be  an  interesting  and  immediately  addressable  problem.. 

For  perspective,  other  alternatives  are  being  developed  to  quickly  deliver  a  large  prototype  tool. 
The  CMU  effort  to  develop  tooling  structures  by  layered  micro-casting  deposition  is  extremely 
interesting  (Merz,  Prinz.  et  al.  1994).  The  growing  number  of  alternatives  for  fast  production  of 
investment  cast  tooling  also  draws  attention,  especially  if  someone  invents  a  method  for  invest¬ 
ment  casting  parts  with  an  accuracy  of  the  order  of  ±50  pm  (±0.002  inches).  Similarly,  large  cast 
tooling  augers  well,  particularly  for  those  tolerance  regimes  that  accept  accuracies  of  ±0.5  mm 
(±0.020  inches).  However,  a  leading  competitor  for  this  technological  niche  remains  the  more 
traditional  CNC  cutting  of  either  the  tool  or  the  EDM  electrodes  used  to  bum  the  tool. 

Experimental  Arrangements 

The  effort  reported  here  uses  an  arc-spray 
system  (Cifuentes  and  Harris  1984;  Thorpe 
1989).  The  arc-spray  gun  is  arranged  as  in 
Figure  4.  Two  consumable  electrode  wires  are 
fed  through  contact  tips  to  the  area  of  the  arc.  A 
D.C.  power  supply  establishes  an  arc  between 
the  wires,  melting  them  in  the  arc.  A  column  of 
atomizing  gas,  ranging  from  480  kPa  to  690  kPa 
(70  psi  to  100  psi)  ablates  the  molten  material 
from  the  wires,  atomizes  the  molten  droplets  and 
carries  them,  in  a  spray,  to  the  substrate.  For 
steel  systems,  the  arc  specific  energy  ranges 
from  2.6  MJ  Kg-1  to  3.0  MJ  Kg-1  giving  a 
temperature  of  104  K  in  the  arc  (Safai  and 
Herman  1981).  (Iron  requires  about  700  kJ  Kg-1 
energy  to  be  melted  from  ambient  temperature.) 
Deposition  rates  for  an  arc-spray  system  range 
from  1  kg  hr-1  to  20  kg  hr-1. 

Due  to  the  large  surface/volume  ratio  of  the 
sprayed  droplets,  oxidation  in  flight  and  after 
impingement  is  a  problem.  The  obvious  way  to 
circumvent  the  detrimental  effect  of  oxidation 
and  avoid  the  ensuing  brittleness  of  the  deposit 
is  to  minimize  the  partial  pressure  of  oxygen  in 
the  gaseous  atmosphere  (Kaiser  and  Miller 


Material 

Sintering  Temperature 

Sintering  Time 

Fe-36Ni  (INVAR) 

1400  K  (2075  °F) 

30  min 

Ni-5A1 

1400  K  (2075  °F) 

30  min  and  60  min 

Fe-0.4C 

1400  K  (2075  °F) 

30  min 

50  vol  %  308  Stainless  & 

50  vol  %  Copper 

1 170  K  (1650  °F) 

30  min 

50  vol  %  308  Stainless  & 

50  vol  %  4043  Al 

890  K  (1150  °F) 

30  min 

Table  1.  Sintering  Schedule  for  Mechanical  Properties  Samples 


electrode 
wire 


arc 

region 


melt 
region 


3  msec 
flight 


deposit  and 
substrate 

Figure  4.  Schematic  of  an  arc-spray  gun 
and  deposited  particle  flight  times. 


76 


1989).  In  these  experiments,  the  partial  pressure  of  oxygen  was  reduced  by  using  a  shroud 
arrangement  around  the  spray  region.  The  shroud  gas  was  argon  avoiding  potential  problems 
with  nitride  formation  (Milewski  and  Sartowski  1986). 

The  samples  for  this  experiment  were  uniformly  sprayed  onto  a  aggressively  grit  blasted  mild 
steel  coupon.  After  spraying,  they  were  detached  from  the  coupon,  and  then  vacuum  sintered 
with  the  intention  of  understanding  what  metallurgical  bonding  would  develop  and  how  that 
would  affect  the  material  performance.  The  sintering  schedule,  reminiscent  of  that  for  powder 
metallurgy  sintering  (Gall  1985),  was  as  shown  in  Table  1.  The  temperature  ramp  up  times  from 
ambient  to  sintering  temperature  varied  from  30  min  to  1  hour.  The  vacuums  were  in  the  range  of 
5  x  10-6  to  9  x  10-6  bar. 

Improving  the  Properties 

Figure  5  shows  an  SEM  view  of  the  sprayed  material.  This  view  is  typical,  and  shows  that  the 
lamellae  are  evidently  not  metallurgically  bound  together,  or  at  least  very  seldomly  and  with  only 
small  cross  section  bridges  (see  arrows  in  Figure  5).  In  an  effort  to  explore  this  condition,  I  me¬ 
chanically  tested  the  sprayed  material  in  a  number  of  conditions.  Specifically: 

•  INVAR,  as  sprayed  with  air  atomization  (similar  to  that  in  Figure  5); 

•  INVAR,  as  sprayed  in  chamber  (vacuum  purged,  backfilled  to  0.5  Bar  argon,  and  sprayed 
with  argon  atomization); 

•  INVAR,  sprayed  under  argon  shroud  cover  and  then  sintered  for  30  minutes  at  1400  K. 

•  308  stainless  steel,  sprayed  using  the  single  wire  plasma  gun  under  argon  shroud  cover. 


Figure  5.  Mechanically  linked  thermally  sprayed  lamella. 


The  first  test  was  the  background  measurement  against  which  improvements  were  to  be  com¬ 
pared.  This  material  is  similar  to  that  initially  used  in  making  tool  shells.  The  second  material 
was  intended  to  remove  the  oxide  from  the  material,  but  there  is  still  substantial  void  porosity. 
The  third  experiment  was  done  to  see  if  the  promotion  of  a  diffusion  bond  would  improve  the 
material.  The  fourth  test  was  to  attempt  to  understand  if  it  was  possible  to  add  enough  superheat 
to  the  individual  particles  to  promote  bonding  in  the  as  sprayed  condition,  rather  than  adding  the 
additional  sintering  step. 

The  material  tests  performed  here  are  limited  in  scope.  Given  the  nature  of  these  microstructures, 
it  is  reasonable  to  assume  that  there  will  be  a  large  measure  of  variability  in  the  measurement 
data.  I  was  interested  in  seeing  general  trends,  rather  than  detailed  statistically  significant  mate¬ 
rials  characterization.  At  best,  shades  of  trends  can  be  extracted  from  these  data. 
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For  the  INVAR,  the  sintering  conditions  permitted  a  measure  of  metallurgical  bonding  to  take 
place  bringing  the  tensile  strength  up  to  nearly  half  of  that  expected  from  wrought  material.  More 
importantly,  a  meaningful  amount  of  elongation  has  been  recovered  from  the  material.  This  will 
permit  a  tool  made  of  such  a  material  to  locally  adjust  (deform)  in  response  to  inclusions  or  other 
stress  risers. 


Material _ Condition _ Tensile  Strength  Elongation 


Fe-36Ni  (INVAR) 

for  comparison, 
typical  wrought  mat’l 

500  MPa  (75ksi) 

30% 

Fe-36Ni  (INVAR) 

as  sprayed,  heavily  oxidized 

12  MPa  (1.7  ksi) 

0.14% 

Fe-36Ni  (INVAR) 

sprayed  in  chamber 
(Ar  backfill,  0.5  Bar) 

120  MPa  (17  ksi) 

0.23  % 

Fe-36Ni  (INVAR) 

sprayed  in  shroud,  sintered 

220  MPa  (32  ksi) 

2.8  % 

308  S.S. 

for  comparison, 
typical  wrought  mat’l 

515  MPa  (75 ksi) 

40% 

308  S.S. 

Sprayed  with  single  wire 
plasma 

180  MPa  (26  ksi) 

0.3% 

Ni-5A1 

sintered 

340  MPa  (50  ksi) 

4.5  % 

Table  2.  Summary  of  Sprayed  Material  Mechanical  Performance. 


Figure  6.  Crack  propagation  in  sintered  INVAR  ending  at  the  metallurgically  bonded  material. 

The  308  S.S.  material  that  was  sprayed  with  the  single  wire  gun  shows  considerable  strength,  but 
poor  elongation.  As  will  be  seen  in  the  fracture  surface  micrographs  later  on,  the  material  seems 
to  be  failing  in  both  the  lamellae  regions  and  along  inter-lamella  boundaries,  but  the  material  is 
still  essentially  a  rapidly  solidified  material  and  therefore  it  remains  a  relatively  brittle  substance. 

Figure  6  provides  a  visual  record  of  the  mechanical  improvement  in  an  INVAR  sample.  The  upper 
region  of  the  sample  is  sprayed  with  unsatisfactory  shielding,  and  therefore  is  laden  with  oxide. 
The  lower  region  of  the  sample  was  sprayed  with  better  inert  shielding.  The  entire  sample  was 
sintered  at  1400  K  (2075  °F)  for  30  minutes.  The  propagating  crack  was  stopped  by  the  metal¬ 
lurgically  bonded  lamellae,  even  though  there  appears  to  be  a  relatively  large  amount  of  porosity 
and  oxide  still  in  the  microstructure. 
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The  fracture  surfaces  of  the  tested  samples  are  illuminating.  Figure  7  shows  the  same  region  in 
an  Invar  sample  as  Figure  6.  This  is  the  sample  which  was  tested  to  tensile  failure  in  Table  2,  and 
the  view  is  that  of  the  fractured  face  of  the  specimen.  The  top  area  is  the  oxide  dominated  failure 
region,  and  the  bottom  area  is  the  region  where  the  lamellae  have  metallurgically  bonded.  The  top 
area  is  characterized  by  the  relatively  flat  fracture  surface  —  the  crack  was  unimpeded  by  the 
lamellae  and  proceeded  along  the  weak  and  brittle  oxide.  However,  the  lamellae  in  the  lower  por¬ 
tion  of  7  clearly  increased  the  difficulty  of  crack  propagation:  the  surface  has  much  more  relief, 
and  the  lamellae  are  clearly  visible. 


Figure  7.  Sintered  INVAR  fracture  surface, 
showing  oxide  dominated  fracture  (top)  and 
bonded  lamellae  dominated  fracture  (bottom). 


Figure  8.  Sintered  INVAR  oxide  fracture 
surface  at  higher  magnification.  (Showing 
oxide  dominated  region.) 


Figure  8  shows  in  higher  magnification  the  oxide  dominated  region  of  the  fracture  surface.  Two 
aspects  of  the  view  in  Figure  8  are  noteworthy. 

•  The  field  of  view  is  dominated  by  the  small,  sharp  fractured  oxide  particles.  These  are  the 
portion  of  the  material  that  carried  some  load  until  failure  and  the  failure  crack  propagated 
through  their  structure.  Figure  8  shows  why  this  oxide  laden  structure  is  fairly  weak  com¬ 
pared  to  our  expectations  for  an  oxide  structure  (which  should  be  relatively  strong  if  brittle) 
—  the  amount  of  oxide  material  carrying  the  load  is  a  relatively  small  fraction  of  the  total 
area  of  the  cross  section;  there  is  a  large  fraction  of  void  and  the  porosity  doesn’t  contribute 
to  the  strength  of  the  material. 

•  Underlying  the  crystalline  fracture  in  Figure  8  is  the  relatively  smooth  surfaces  of  the 
undisturbed  lamellae.  Where  they  are  visible,  there  must  have  been  a  region  of  either  void 
porosity  or  laminar  porosity  which  opened  during  the  fracture. 

Figure  9  shows  the  companion  pictures  for  the  region  in  the  sintered  Invar  where  the  failure  was 
dominated  by  the  lamellae  themselves.  The  magnification  of  9  is  similar  to  that  of  8.  Figure  9. 
shows  the  lamellae  which  have  either  been  cleaved  in  two,  or  the  failure  crack  propagated  along 
their  boundary.  I  believe  that  both  mechanisms  are  present:  some  of  the  lamellae  surfaces  show 
characteristics  of  the  wrought  material  fracture  failure  such  as  the  graininess  of  the  lamella  sur¬ 
face  and  the  small  ridge-like  surfaces  on  the  lamella  in  the  upper  left  region  of  9.  The  material  in 
9  is  still  a  rapidly  solidified  material  that  has  been  sintered  for  30  minutes.  There  are  also  regions 
which  appear  to  be  boundary  failures,  particularly  the  small  15  p.m  by  20  (im  lamella  hole  in  the 
bottom  center  of  9.  The  dark  cavern  regions  on  the  right  side  of  9  appear  to  be  void  porosity 
which  has  been  exposed  by  the  fracture. 
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The  fracture  face  of  the  single  wire  plasma  sprayed  308  stainless  steel  sample  is  shown  in 
Figure  10.  This  material  was  sprayed  with  extra  energy  being  provided  to  the  plasma  beyond  that 
needed  to  melt  the  wire.  The  fracture  surface  shows  several  species  of  material  condition.  First, 
the  lamellar  structure  is  clearly  visible  in  the  layered  organization  of  the  metal.  There  are  also 
some  regions  of  apparent  inter-laminar  porosity  visible  in  the  structure.  Secondly,  there  are  sev¬ 
eral  broken  lamellae,  showing  that  the  crack  propagated  through  at  least  some  of  the  lamellae.  All 
of  the  severed  lamellae  in  Figure  10  show  signs  of  brittle  fracture:  there  are  chevrons  on  the  visi¬ 
ble  faces.  Thirdly,  there  are  smooth  lamellae  surfaces  visible  in  the  figure.  These  indicate  that  the 
crack  was  able  to  propagate  along  the  inter-lamella  boundaries  in  some  areas.  Notable  is  what  is 
missing:  the  regular,  crystalline  structure  of  the  oxide  face  is  missing  from  these  samples. 


Figure  9.  Sintered  INVAR  metallurgically 
bonded  fracture  surface  showing  fractured 
lamella;  and  inter-lamella  regions. 


Figure  11.  Detail:  Single  wire  plasma 
sprayed  308  S.S.  fracture  surface,  showing 
lamella  pull-out,  and  fractured  lamella 
regions. 


Figure  10.  Single  wire  plasma  sprayed  308 
S.S.  fracture  surface,  showing  fractured 
lamella;  and  inter-lamella  regions. 

Figure  1 1  is  a  slightly  higher  magnification 
micrograph  of  the  same  face  of  tensile  tested  308 
stainless  steel.  This  picture  clearly  shows  the 
spherical  lamella;  that  were  formed  by  particles 
that  solidified,  or  nearly  solidified,  in  flight  prior 
to  impacting  the  shell.  These  particles  did  not,  it 
appears  in  the  figure,  contribute  to  the  strength  of 
the  shell.  Rather,  the  failure  crack  propagated 
along  their  boundaries.  In  the  center  of  Figure  11, 
there  is  a  hole  where  a  spherical  lamella  was 
pulled  out  from  the  face. 

Non-metallurgically  Bonded  Shells 

The  current  art  for  making  sprayed  metal  shells 
results  in  mechanically  bonded  lamella;.  A  better 
shell  can  be  made: 


•  Superheat  in  the  particles  will  promote 
fusion  with  other  lamella;  and  lower  the 
porosity  of  the  shell  —  superheat  is  added  to 
the  particles  by  using  a  suitable  energy 
source,  by  spraying  with  a  heated  gas  stream,  and  by  controlling  the  radiant  heat  loss; 

A  hot  substrate  will  largely  eliminate  quench  stress,  and  help  reduce  porosity  —  the  hot 
substrate  is  most  easily  provided  by  using  a  heat  castable  ceramic  substrate; 


•  The  sprayed  particles  should  be  of  uniform  size  —  the  uniform  size  is  a  difficult  challenge 
which  can  be  met  by  a  radically  different  deposition  scheme  such  as  the  microcast  method 
described  in  (Merz  1994),  or  by  an  extremely  carefully  managed  spray  atomizer; 

•  The  partial  pressure  of  oxygen  must  be  minimized  —  the  controlled  atmosphere  for  the 
spray  is  easily  delivered  by  a  shroud  arrangement,  and  might  also  be  attained  by  a  laminar 
flow  inerting  system  such  as  that  developed  by  Praxair  or  other  commercial  gas  vendors. 

Certainly  the  single-wire  plasma  device  holds  promise  in  delivering  a  number  of  these  desiderata. 


Conclusions 

The  mechanical  performance  of  thermally  sprayed  shells  can  be  improved  by  promoting  metal¬ 
lurgical  bonding  in  the  microstructure.  However,  the  mechanisms  for  forming  the  bonds  are  de¬ 
feated  if  each  lamella  is  coated  in  an  oxide.  Further,  if  the  void  porosity  fraction  is  too  large,  the 
strengths  will  not  be  significantly  improved  and  the  material  will  continue  to  exhibit  a  measure 
of  anisotropy.  Thus  oxide  control,  process  control  to  minimize  void  porosity,  and  a  mechanism 
for  metallurgical  bonding  are  all  simultaneously  required  to  improve  the  mechanical  perfor¬ 
mance.  These  microstructural  issues  will  also  be  valid  for  other  solid  freeform  fabrication  meth¬ 
ods  which  build  up  metal  structures  by  an  accumulation  of  individual  particles. 
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Abstract 

The  prototypes  of  today's  commercial  available  RP-Systems  (e.g.  Stereolithography- 
Systems)  are  suitable  mainly  for  designing  and,  if  even,  for  restricted  functional  tests. 
From  this  it  can  be  concluded  that  for  obtaining  functional  or  technical  prototypes  one  has 
to  use  time-  and  cost-intensive  downstream-technologies  like  investment  casting.  Because 
of  the  economical  aspects  in  industries  there  is  a  great  demand  for  direct  production  of 
functional  and  technical  prototypes. 

The  present  paper  describes  the  activities  and  research  results  on  the  development 
techniques  based  on  laser  induced  solidification  of  powder  materials  for  the  direct 
manufacturing  of  metallic  parts.  Also  a  various  number  of  polymers,  suitable  for  sintering 
and  remelting,  arc  investigated  and  presented  as  functional  materials  for  different 
applications. 


1.  Introduction 

lhc  technics  of  Laser  Aided  Powder  Solidification  have  been  used  to  generate 
metallic  and  polymer  parts.  Analogcous  to  the  technics  of  laser  surface  treatment,  the 
powder  is  preplaced  onto  a  substrate  and  melted  or  sintered  within  the  laser  irradiated 
zone  [1],  The  part  will  be  built  up  with  the  principle  of  the  well-known  Layer 
Manufacturing  Technology  (LMT). 

With  regard  to  the  metal  powder  application  a  number  of  copper-based  powder 
mixtures  with  different  weight  percentages  of  lead  and  tin  were  investigated.  In  this  case 
of  applying  a  mixture  of  high  and  low  melting  materials,  a  sintering  process  will  be 
accelerated  by  generating  a  liquid  phase  [2,3],  Therefore  the  processing  temperature, 
caused  by  the  energy  coupling  of  the  laser  beam,  has  to  be  between  both  melting  points. 
According  to  the  experimental  results  described  below  it  is  generally  necessary  to  keep 
the  liquid  phase  as  long  as  possible,  because  its  surface  tension  will  provide  the  driving 
force  for  sintering.  Optimization  due  to  the  main  processing  parameters  laser  power  P, 
beam  intensity  I  and  energy  density  H  using  the  LAPS-testbed  is  carried  out  with  respect 
to  reduced  curl  distortion  and  better  interlayer  metallurgical  bonding. 

1  he  LAPS  laboratory  equipment  (low-power  laser)  is  employed  to  perform 
optimization  on  polymer  powder  analogcous  to  metal  powders.  Polystyrene  and 
Polyamid-Copolymer  arc  presented  as  suitable  materials  for  plaster  block  mouldings  and 
functional  elastomeric  parts,  respectively. 
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2.  Experimental  procedure  for  metal  powder  mixtures 

The  laser  used  for  our  experiments  is  a  cw  (continous  wave)  C02-laser  with  a 
maximum  output  power  of  1500  W  (TLF1500).  The  laser  beam  has  a  gaussian  intensity 
distribution  and  is  focused  with  a  parabolic  copper  mirror  (focal  length  f=300mm).  The 
minimum  of  the  achievable  beam  diameter  is  dL=0.35mm.  The  test  bed  with  ridgeless 
layer  levelling  for  metal  powder  application  is  fixed  onto  a  3 -axis  CNC  coordinate 
machine  (figure  1).  Although  powder  heating  option  was  available,  the  experiments  were 
carried  out  at  room  temperature  in  order  to  avoid  bonding  of  the  entire  powder  bed. 
Argon  is  used  as  protective  gas  in  an  open  atmosphere. 

The  surface  temperature  of  the  partially  sintered  powder  during  laser  processing  is 
detected  using  an  infrared  pyrometer.  This  signal  is  employed  for  a  closed  loop  control  of 
the  laser  power  and  transformed  into  a  temperature  signal  for  the  user  control.  Therefore  a 
PID  control  system  has  been  developed  in  order  to  transform  the  desired  input  signal  of 
the  measured  temperature  and  a  DC  output  signal  for  the  direct  transmitting  control  of  the 
laser  power.  Additional  to  the  pyrometric  power  control,  temperature  measurements  with 
thermocouples  in  different  heights  of  the  layers  and  IR-temperature  distribution  on  the 

All  kinds  of 
pulverulent  mate¬ 
rials  used  in  the 
overall  work  are 
pure  metals  (Cu, 
Pb,  Sn)  or  their 
mixtures  (Cu 
mixed  with  10,  20, 
30  and  50  wt.-% 
Pb  and  Cu  mixed 
with  5,  11,  15,  20 
wt.-%  Sn).  Their 
particle  size  is  less 
than  45  pm  and 
the  particle  shape 
is  chosen  ap¬ 
proximately  sphe¬ 
rical  because  of 
the  good  beha¬ 
viour  during  the 
layer  levelling. 
The  representation 

of  the  results  in  this  paper  are  focusing  on  pure  copper  and  copper-lead  mixture  with  20 
wt.-%  lead  addition  but  references  in  the  conclusion  are  given  also  for  other  powder 
mixtures. 


powder  surface  with  a  thermography  camera  were  performed. 


Fig.  1 :  Principle  of  on-line  IR-temperature-measurement  and 

pyrometric  power  control  during  the  laser  sintering  process 
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(1),  and  v  = 


P 


(2). 


dL  = 


H  d  L 


To  classify  the  results  of  laser  sintering,  the  width  and  heights  of  each  sintered  track 
were  measured  and  their  strength  and  faults  (oxidation,  melting,  scale  like  structure)  were 
registered.  Metallographic  investigations  (SEM  and  light  microscopy)  were  carried  out  to 
get  the  information  about  the  sintering  progress  and  the  microstructurc  of  the  sintered 
tracks. 


2.1  Results  on  pure  copper  powder 

During  laser  sintering  pure  copper  powders  should  not  be  melted.  At  an  elevated 
processing  temperature  the  bond  between  the  particles  can  only  be  established  by  means 
of  activated  diffusion  process.  A  strong  bond  of  the  particles,  respectively  high  strength 
and  density,  cannot  be  reached  because  of  the  limited  interaction  time  (up  to  1,5  s)  of 
laser  beam  and  powder  bed. 


beam  intensity  in  W/crrU 


beam  intensity  in  W/cm2  - ► 


Fig.  2  and  3:  Working  area  (hatched  zone)  of  beam  intensity  and  energy  density 
for  laser  sintering  of  copper  powder  at  P=200  W  and  P=100W 


Fig.  2  and  3  show  the  working  areas  of  energy  density  as  function  of  beam  intensity 
for  different  laser  powers.  Because  of  extremely  short  diffusion  time  the  tracks  sintered  at 
beam  intensities  lower  than  500  W/cm2  are  fragile.  Higher  beam  intensity  causes  an 
increasing  strength  of  the  sintered  tracks  .  Above  1=3000  W/cm2  the  copper  powder  was 
molten  and  chains  of  metal  balls  were  observed  in  the  middle  of  the  track. 

Also  the  energy  density  affects  the  sintering  process.  In  the  low  range  of  energy 
density  (H<4  J/mnr)  a  scale-like  structure  occurs  on  the  surface  of  the  track.  Because  of 
the  thermal  tension  and  the  weak  powder  bond  at  low  energy  densities,  pieces  of  powder 
blocks  (scales)  rise  from  the  powder  bed.  Experiments  were  done  at  energy  densities  up 
to  10  J/mm2.  If  the  laser  power  is  reduced  from  200  W  down  to  100  W,  the  working  area 
shifts  to  high  values  of  beam  intensity  (comparing  Fig.  2  to  Fig.  3).  A  further  reduction  of 


84 


the  laser  power  (at  P=50  W)  results  fragile  sintered  tracks  at  all  investigated  values  of 
beam  intensity  and  energy  density. 

Fig.  4  shows  a  cross  sectional  SEM  micrograph  of  a  sintered  track.  The  bond  of  laser 
induced  sintering  necks  between  the  powder  particles  is  weak,  but  high  enough  for 
depositing  from  the  powder  bed  (analogeous  to  green  part  strength). 


The  width  and  the  height 
of  laser  sintered  tracks  are  il¬ 
lustrated  as  a  function  of  ener¬ 
gy  density  and  beam  intensity 
in  Fig.5  and  6.  The  working 
areas  are  hatched.  With  in¬ 
creasing  energy  density  (though 
the  beam  diameter  remains 
constant)  the  track  width  rises 
(Fig.  5).  Under  the  given 
parameter  combination  (P=200 
W  and  1=1000  W/cm2)  good 
tracks  can  be  produced  only  if 
energy  density  is  more  than 
4J/mm2.  The  broken  line  in  Fig. 
5  marks  the  layer  thickness  of 
the  powder  bed.  Since  the  track 
width  is  linearly  proportional  to 
the  beam  diameter,  it  drops  with  increasing  beam  intensity  (Fig.  6). 


Fig.  4:  Cross  sectional  SEM-micrograph  of  laser 
sintered  copper  powders,  showing  the  sintering  necks 
between  powder  particles.  (P=100  W,  1=2000  W/cm2, 
H=8  J/mm2) 


energy  density  in  J/mm’  - ► 


Fig.  5:  Width  and  height  of  single  tracks  of 
copper  as  a  function  of  the  beam  energy 
density.  (P=200  W,  1=1000  W/cm2) 


Fig.  6:  Width  and  height  of  single  tracks  of 
copper  as  a  function  of  the  beam  intensity. 
(P=100  W,  H=8  J/mm2) 
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2.2  Results  on  copper-lead  powder  mixtures 


At%  Pb 


10  20  JO  40  SO  70  90 


Fig.  7:  Binary  phase  diagram  of  copper- 
lead  [4] 


Corresponding  to  the  copper-lead  binary 
phase  diagram  in  fig.  7  lead  does  not  dissolve 
in  copper.  Lead  will  be  melted  above 
Tm=326°C  and  wets  the  copper  particles.  The 
requirements  of  liquid  phase  sintering  arc 
fulfilled  if  the  processing  temperature  is  kept 
below  the  melting  point  of  copper 
(Tm=1083°C).  It  was  determined,  that  an 
increasing  content  of  lead  results  in  an 
extending  range  of  parameter  variation  and  a 
further  strengthening  of  the  tracks  compared 
to  pure  copper.  With  the  minimum  achievable 
constant  laser  power  of  P=50  W  it  was  found 
that  the  intensity  of  1=50  W/cm2  is  high 
enough  for  laser  sintering  Cu-Pb  with  30  and 
even  20  wt.-%  lead.  However  a  further 
increase  in  lead  addition  (50  wt.-%)  will  lead 
to  a  strong  narrowing  of  the  working  area. 
Fig.  7  shows  the  working  area  at  P=100  W 
for  Cu-Pb  (20  wt.-%)  and  fig.  8  the 
corresponding  width  and  heights  of  the 
sintered  tracks  as  functions  of  the  beam 
diameter. 


beam  intensity  in  W/cm2  - ► 

Fig.  7  :  The  working  area  of  laser 
sintering  of  CuPb  20  wt.-%. 
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Fig.  8:  Corresponding  width  and  height  of 
sintered  tracks  as  function  of  beam  diameter. 


The  relationship  between  track  geometry  and  the  processing  parameters  arc  quite 
similar  to  the  sintering  of  pure  copper  powder  (figs.  5  and  6).  While  the  height  remains 
almost  constant,  the  track  width  rises  linearly  with  increasing  beam  diameter  (hatched 
zones  refer  to  the  working  area). 
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track  height  in  mm 


Fig.  9  Cross  section  of  a  sintered  track  (Cu  +  20  wt.% 
Pb).  (P=50  W,  1=500  W/cm2,  H=10  J/mm2) 


In  contrast  to  the  laser 
sintering  of  pure  copper 
powders  the  sintered  tracks  of 
copper-lead  mixtures  don't 
have  the  typical  copper  color. 
Fig.  9  is  a  micrograph  of  the 
cross  section  of  a  laser  sintered 
track  of  Cu-Pb  (20  wt.%).  The 
color  of  the  whole  cross  section 
:  «  is  yellow,  indicating  that  no 
J  pure  copper  powder  particles 
exist  anymore.  The  melted  lead 
powder  is  distributed  in  the 
sintered  track  homogeneously. 
The  porosity  of  the  sintered 
track  is  lower  than  expected, 


although  the  powders  were  not  densified  before  laser  sintering. 


2.3  On-line  measurement  of  temperature  distribution 

The  experimental  set-up  of  the  temperature  measurements  in  and  on  the  powder  bed 
is  shown  in  figure  1.  Specially  fabricated  Ni-CrNi  thermocouples  (0,2  mm  thickness) 
covered  with  a  glass  layer  were  arranged  in  a  line  at  different  depths  (0,  0.3,  0.6,  0.9  and 
1.2  mm)  in  the  powder  bed  (tl  to  t5).  Ceramic  tubes  were  used  for  strengthening  and 
electrical  isolation.  The  laser  irradiated  zone  was  measured  by  the  pyrometer  and  the 
temperature  distribution  on  the  powder  surface  was  recorded  by  a  thermography  camera. 
Both  surface  temperature  measurement  devices  were  fixed  constantly  versus  the  laser 
beam  axis.  A  special  program  for  data  acquisition  and  processing  control  was  developed. 
These  arrangements  will  allow  the  time-  and  point-disintegrated  description  of  the 
process. 

Quantitatve  optical  temperature  measurements  require  accurate  data  of  emission 
degrees.  They  were  measured  by  tailoring  the  optical  devices  repeatedly  until  the 
temperature  measured  with  the  thermocouple  were  identical.  Pure  copper  showed  an 
absorption  rate  of  30%  and  in  case  with  lead  addition  they  rise  with  increasing  lead 
content,  e.g.  Cu-Pb  (20  wt.-%)  has  an  emission  degree  of  40%. 

Temperature  distribution  in  the  powder  bed 

By  modifying  the  temperature-time  curves,  derived  from  the  thermocouples,  one  may 
get  isotherms  in  the  x-z-plane.  The  derived  temperature  maintaining  time  (  time  interval, 
where  the  temperature  is  kept  above  the  isotherm)  enables  the  quantitative  estimation  of 
the  sintering  progress.  In  our  case  a  liquid  phase  sintering  is  only  possible  if  the 
processing  temperature  is  at  least  T=326°C  (fig.7).  Considering  the  fast  heating  speed  a 
isotherm  of  350°C  is  chosen.  Figure  10  describes  the  influence  of  lead  content  in  the 
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powder  mixture  on  the  350°C-isotherm.  The  respective  temperature  maintaining  time  is 
depicted  in  figure  1 1 . 


traverse  axis  x  in  mm  ►  temperature  maintaining  time  in  s 


Figure  10:  350  °C  isotherms  of  CuPb  Figure  11:  Corresponding  temperature 

powder  mixtures.  Processing  parameters:  maintaining  time  of  CuPb  powder  mixtures  to 

P=50W;I  =  500  W/cm2;  H  =  6  J/mm2  fig.  1 0. 

The  350°C  isotherm  of  the  pure  copper  powder  occures  only  at  0.3  mm  under  the 
powder  surface.  Temperature  maintaining  time  is  about  1  sec.  If  10  or  20  wt.%  lead  is 
added  into  the  powder  the  350°C  isotherm  reaches  a  powder  depth  of  0.9  mm.  A 
significant  increase  of  the  temperature  maintaining  time  is  observed  respectively  (figure 
10  and  11). 

Solid  copper  has  a  very  poor  absorption  rate  of  the  C02  laser  beam.  It  is  about  0.5  %  for 
opaque  surfaces.  In  shape  of  powder  with  the  applied  grain  size  it  rises  to  a  value  of  about 
38%  due  to  increasing  surface  of  powder  particles  [5].  From  the  measurements  of 
emission  degree  we  know,  that  the  absorption  rate  of  Cu-Pb  (20  wt.-%)  powder  mixture  is 
about  50%  higher  than  that  of  pure  copper  powder.  It  means  that  at  the  same  processing 
parameters  the  C02  laser  beam  energy  coupling  of  CuPb(20  wt.-%)-powder  is  about  50% 
more  than  of  pure  copper  powder. 

It  seems  the  difference  of  energy  coupling  is  clearly  more  than  50%.  In  fact  copper- 
lead  powder  mixture  has  a  lower  thermal  conductivity  than  the  pure  copper  powder  (FCu 
=  384  W/mK,  A,Pb  =  34,7  W/mK).  A  large  part  of  the  laser  energy  coupled  into  copper 
powder  is  conducted  away  from  the  processing  area.  In  the  case  of  Cu-Pb  powder  mixture 
heat  flow  into  the  powder  bed  is  much  lower.  The  laser  heating  is  more  "locally".  This 
explains  the  larger  isotherm  area  and  longer  temperature  maintaining  time 

Temperature  distribution  of  the  powder  bed  surface 

These  investigation  were  performed  for  various  relevant  situations,  e.g.  single  and 
rectangular  tracks,  overlappings  and  overhangings  for  different  layer  thicknesses.  The 
results  will  help  describing  and  understanding  the  sintering  process.  Following  two 
figures  show  some  results  of  Cu-Pb  (20  wt.-%),  which  were  received  from  a  rectangular 
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contour  at  a  comer  and  the  comparison  of  the  surface  temperature  before  and  during 
overlapping. 

Figure  12a  to  12c  represent  the  temperature  distribution  at  the  first  corner  (Is  delay 
to  each  other).  Although  the  laser  beam  stays  briefly  at  the  corner  (ca.  200ms)  while 
reading  a  new  NC-sentence,  neither  significant  temperature  increase  nor  shift  of  the 


Figure  12:  Surface  temperature  distribution  during  sintering  process.  Picture  a, 
have  a  delay  of  lsec.  Beam-powder  interaction  time  is  1.5sec. 


b  and 


Figure  13  a  and  b  describe  the  surface  temperature  at  overlapping  a  new  track  on  two 
already  sintered  tracks  (powder  depth  is  1.2mm).  Two  effects  are  evident:  the  max. 
temperature  in  13  a  is  is  about  70°C  higher  than  in  13  b  and  the  elevated  zone  behind  the 
laser  beam  is  wider  than  in  13  b.  This  behaviour  indicates  a  strong  heat  flow  to  the 
sintered  region  below.  It  is  comprehensible  because  in  the  sintered  region  the  molten  lead 
wets  the  copper  particles  and  increases  the  thermal  conductivity. 


Figure  13:  Surface  temperature  of  overlapping  a  new  laser  sintering  track  on  two  sintered 
tracks,  a)  before  overlapping.  Tmax  =  563  °C;  b)  during  overlapping,  Tmnx  = 
493  °C. 


3.  Experimental  set-up  on  polymer  powders 


adjustable  si  a  it  d 


Figure  14:  LAPS-laboratory  equipment 


The  LAPS  laboratory 
equipment  is  assembled 
consisting  of  a  50W  C02- 
laser,  beam  recess  optics,  high 
speed  Galvano-Scanncr, 
ZnSe-focus  lense  and  a 
temperature  controlled 

(Tmax=300°C)  process- 
chamber  with  a  ridgeless 
layer-levelling.  The  laser 
power,  beam-movement  and 
z-axis  are  software-controlled. 
This  equipment  has  been 
acquired  because  of  its 
suitability  for  polymers  as 
well  as  for  metal  powders. 


Material  selection 


The  selection  of  polymer  materials  for  our  investigations  was  made  in  respect  to  the 
most  employed  technical  thermoplasts  in  industries  like  PA.  PE.  PP,  PVC,  PS,  ABS,  PC 
and  their  compatible  blends  or  bimodal  powder  mixtures.  Although  comprehensive 
investigations  on  these  powders,  especially  for  PA  11,  showed  satisfactory  results 
reffering  to  the  layerwise  build-up  of  complex  parts,  they  are  mostly  employed  for 
designing  and  restricted  functional  tests  after  postprocessing  (infiltration  and/or  surface 
finish).  However  the  main  application  have  skilled  metal  prototypes  via  investment 
casting.  Polystyrene  polymer  powder  as  RP-pattern  after  laser  sintering  is  investigated  for 


90 


use  of  a  lost  pattern  for  direct  investment  casting  and  elastomeric  modificated  Polyamid 
as  functional  prototype. 


3.1  Parameter  optimization 

The  parameter  optimization  in  respect  to  the  polymer  powders  described  below  is 
done  in  a  similar  methodical  technique  as  for  metal  powders  but  using  laser  sintered 
panels  with  the  dimensions  of  20mm  x  20mm.  The  assumptions  for  defining  optimal 
process  parameters  for  working  areas  (energy  density,  beam  intensity,  hatching  distance) 
were  taken  due  to  reduced  curl  distortion,  rate  of  makroscopical  sintering  (strength  of 
panel),  sintering  depth  (layer  thickness)  as  well  as  the  multilayer  behaviour.  Following 
the  representation  of  the  results  are  focused  on  polysytrene  powder  with  the  particle  size 
of  less  than  100  pm  having  the  shape  of  shavings. 

Figure  15  shows  the  energy  density  of  a  single  melted  track  versus  hatch  distance  for 
two  different  intensities,  respective  laser  powers  (dL  is  0.35mm).  The  hatched  zones  mark 
the  working  areas.  In  respect  to  the  assumptions  described  above  it  is  clearly  to  see,  that 
for  receiving  compact  panels  an  increase  in  hatching  distance  is  guided  by  an  increase  of 
the  required  energy  density.  Regarding  the  working  areas  for  the  two  laser  powers  there  is 
a  shift  using  higher  laser  power  to  lower  energy  densities  and  smaller  areas.  This  is  due  to 
the  limited  interaction  time  of  laser  beam  and  powder  bed. 


hatch  distance 

Figure  1 5 :  Energy  density  versus  hatch  distance  for  different  laser  powers. 

Within  the  parameter  range  various  numbers  of  parts  were  built  using  Polystyrene 
and  elastomer  modificated  Polyamid,  respectively  to  their  working  areas.  No  surface 
finishing  or  infiltration  was  performed  for  postprocessing..  It  was  proved  that  there  were 
no  geometric  restrictions  for  complex  geometries  due  to  both  polymers,  (see  fig.  16-white 
parts).  The  Polystyrene  parts  showed  a  porous  surface  (max.  surface  roughness  of  60pm) 
corresponding  to  the  comparativly  big  particle  size  and  brittle  behaviour  while  the 
mechanical  behaviour  of  the  PA-Copolymer  parts  showed  their  typical  properties  of 
350%  elongation  at  break. 
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3.2  Investment  casting  via  direct  burn-out 

The  Polystyrene  parts  were  embedded  in  the  plaster  block  moulding  and  burnt  out 
afterwards  completely.  Investment  casting  of  aluminum  alloy  AlSilOMg  and  AlSi9C’u3 
was  performed.  Figure  16  shows  an  overview  of  some  PS  and  PA-Copolymer  parts  with 
the  corresponding  aluminum  casts.  The  results  present,  that  PS  is  very  suitable  for  lost 
pattern/lost  mold  to  be  used  for  unmodified  investment  casting.  No  changes  in  the  normal 
process  chain  arc  necessary.  The  surface  roughness  of  aluminum  parts  is  as  high  as  the 
corresponding  polymer  parts. 


Figure  16:  Overview  of  Polymer  parts  and  corresponding  metal  parts  via  investment 
casting.  Bottom:  tensile  specimen  (PS/aluminum);  middle:  turbine  blade 
housings  (left:  PA-Copolymer/aluminum,  right:  PS/aluminum);  top:  left: 
turbine  (PS);  middle:  investment  castcd  wax  tree  (before  disassembling); 
right:  loudspeaker  housing  (PS). 
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Abstract 

Direct  laser  sintering  of  metal  powders  is  a  great  challenge  for  Rapid  Prototyping 
(RP)  because  of  the  high  potential  of  application,  for  example  prototype  tooling  for 
polymer  extrusion. 

Recent  development  in  laser  sintering  of  metal  powders  use  polymer  or  low  melting 
alloys  as  a  binder  phase.  Postsintering  to  strengthen  the  component  produces 
shrinkage  of  the  part,  hence  the  near  net  shape  capability  is  limited. 

The  combination  of  direct  laser  sintering  and  infiltration  with  metal  melts  allows  the 
production  of  strong  near  net  shaped  components  without  shrinkage. 

A  composite  metal  powder  consisting  of  Ni,  Cu,  Sn  and  P  was  successfully  sintered 
in  a  Selective-Laser  Sintering  unit  in  ambient  atmosphere  at  room  temperature.  The 
influence  of  laser  intensity  on  microstructure  and  sintering  behaviour  is  discussed. 
Infiltration  experiments  were  done  with  partially  sintered  samples.  Full  density 
could  be  achieved  without  shrinkage.  Mechanical  properties  and  microstructural 
development  will  be  discussed. 


Introduction 

Currently  laser  sintering  of  metal  and  ceramic  powders  to  manufacture  parts  is  in 
research.  Indirect  sintering  of  polymer  coated  powders,  where  the  polymer  acts  as  a 
low  melting  point  binder  phase,  has  been  developed  to  produce  metal  and  ceramic 
components.  Subsequent  debinding  and  sintering  is  necessary  to  increase  strength 
III. 

Direct  metal  sintering  mostly  involves  the  formation  of  a  liquid  through  a  metal 
phase  with  low  melting  point,  e.g.  Ni/Sn  mixture,  or  by  supersolidus  sintering  of  a 
two  phase,  e.g.  Cu/Sn-alloys  111.  Sintering  of  high  temperature  materials  without 
binder  phase  needs  high  sintering  temperatures.  A  high  temperature  laser  sintering 
process  (HTSLS)  is  under  development  111. 

Porous  components  made  by  SLS  need  further  densification,  either  by  sintering  or 
by  infiltrating  the  component.  Further  densification  by  sintering  produces  shrinkage 
of  the  component.  Infiltration  with  liquid  metal  seems  to  be  more  promising, 
however  needs  development  of  the  technique  for  different  powder  systems.  Porous 
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SiC  bodies  produced  by  SLS  of  coated  powder  particles  have  been  infiltrated  with 
liquid  A1  /4/.  Also  the  infiltration  of  Fe-based  porous  components  with  copper 
alloys  is  very  common  151. 

This  paper  reports  on  research  work  in  laser  sintering  of  a  multiphase  powder 
mixture  in  a  prototype  version  of  a  laser  sintering  unit.  In  order  to  increase  density 
and  mechanical  properties  sintered  samples  were  infiltrated  with  liquid  metal. 


Experimental 

The  powder  material  used  in  the  experiments  contains  three  different  components, 
Ni  and  compounds  of  Cu,  Sn  and  P.  A  micrograph  of  the  powder  is  shown  in  Fig.  1 . 
Laser  sintering  of  test  layers  was  done  at  ambient  atmosphere  with  a  100  W  CO2 
(CW)  laser  at  different  laser  intensities  and  a  beam  scan  speed  of  200-800  mm/s. 
Complex  parts  were  built  with  layer  thicknesses  of  200  pm.  The  layers  were 
investigated  by  SE  and  optical  microscopy.  Bulk  samples  were  sintered  by  laser 
sintering  and  for  infiltration  experiments  by  conventional  sintering  in  Argon 
atmosphere. 

Infiltration  of  the  porous  samples  was  carried  out  in  air  at  500°C,  using  a  PbAg 
brazing  alloy.  Different  infiltration  times  were  used  in  order  to  achieve  full  density 
and  improved  mechanical  properties.  Tensile  strength  and  hardness  were  measured 
from  the  as  sintered  and  infiltrated  samples. 


Results  and  Discussions 


Sintering 

The  thickness  of  the  laser  sintered  layer  was  about  100  pm.  Single  layers  were 
strong  enough  to  be  handled  without  damage.  With  increasing  intensity  of  the  laser 
beam  the  powder  material  goes  from  sintering  to  nearly  completed  melting.  The 
microstructures  of  the  sintered  layers  of  3  different  laser  intensities  at  the  same  scan 
rate  are  presented  in  Fig.  2  a-c  and  the  corresponding  cross  sections  of  the 
individual  layers  in  Fig.  3  a-c. 

low  intensity: 

Sintering  with  low  laser  intensity  results  in  partial  melting  of  the  binder  phase.  The 
layer  is  homogeneous  over  the  thickness.  Ni-particles,  appearing  bright  in  the  SEM 
micrograph,  are  not  wetted. 

medium  intensity: 

At  medium  intensity  wetting  of  all  particles  including  Ni  is  observed  however  the 
top  surface  seems  to  be  completely  melted,  while  the  lower  part  still  shows 
individual  particles. 
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SiC  bodies  produced  by  SLS  of  coated  powder  particles  have  been  infiltrated  with 
liquid  A1  /4/.  Also  the  infiltration  of  Fe-based  porous  components  with  copper 
alloys  is  very  common  151. 

This  paper  reports  on  research  work  in  laser  sintering  of  a  multiphase  powder 
mixture  in  a  prototype  version  of  a  laser  sintering  unit.  In  order  to  increase  density 
and  mechanical  properties  sintered  samples  were  infiltrated  with  liquid  metal. 


Experimental 

The  powder  material  used  in  the  experiments  contains  three  different  components, 
Ni  and  compounds  of  Cu,  Sn  and  P.  A  micrograph  of  the  powder  is  shown  in  Fig.  1. 
Laser  sintering  of  test  layers  was  done  at  ambient  atmosphere  with  a  100  W  CO2 
(CW)  laser  at  different  laser  intensities  and  a  beam  scan  speed  of  200-800  mm/s. 
Complex  parts  were  built  with  layer  thicknesses  of  200  pm.  The  layers  were 
investigated  by  SE  and  optical  microscopy.  Bulk  samples  were  sintered  by  SLS  and 
for  infiltration  experiments  by  conventional  sintering  in  Argon  atmosphere. 
Infiltration  of  the  porous  samples  was  carried  out  in  air  at  500°C,  using  a  PbAg 
brazing  alloy.  Different  infiltration  times  were  used  in  order  to  achieve  full  density 
and  improved  mechanical  properties.  Tensile  strength  and  hardness  were  measured 
from  the  as  sintered  and  infiltrated  samples. 


Results  and  Discussions 


Sintering 

The  thickness  of  the  laser  sintered  layer  was  about  100  pm.  Single  layers  were 
strong  enough  to  be  handled  without  damage.  With  increasing  intensity  of  the  laser 
beam  the  powder  material  goes  from  sintering  to  nearly  completed  melting.  The 
microstructures  of  the  sintered  layers  of  3  different  laser  intensities  at  the  same  scan 
rate  are  presented  in  Fig.  2  a-c  and  the  corresponding  cross  sections  of  the 
individual  layers  in  Fig.  3  a-c. 

low  intensity: 

Sintering  with  low  laser  intensity  results  in  partial  melting  of  the  binder  phase.  The 
layer  is  homogeneous  over  the  thickness.  Ni-particles,  appearing  bright  in  the  SEM 
micrograph,  are  not  wetted. 

medium  intensity: 

At  medium  intensity  wetting  of  all  particles  including  Ni  is  observed  however  the 
top  surface  seems  to  be  completely  melted,  while  the  lower  part  still  shows 
individual  particles. 
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high  intensity: 

At  high  laser  intensity  the  powder  is  nearly  completely  remelted  at  the  top  surface. 
Also  the  lower  part  of  the  layer  is  melted,  however  individual  particles  are  still 
visible. 

Based  on  the  results  of  the  laser  sintering  experiments  a  complex  shape  of  a  small 
turbine,  see  Fig.  4,  could  be  generated  layer  by  layer.  No  curling  and  no  distortion 
occurred  during  sintering.  The  component  showed  no  shrinkage  during  laser 
sintering. 

conventional  sintering: 

The  conventionally  sintered  microstructure  exhibits  homogeneous  wetting  of  all 
particles  by  the  binder  phase,  as  visible  in  Fig.  5.  The  material  still  has  open 
porosity  to  allow  further  infiltration  of  the  component.  The  as  sintered  density  is  ~ 
70%  of  the  oretical  density. 

Low  laser  intensities  result  in  a  preferred  microstructure  in  the  as  sintered  state, 
remelting  occurs  only  at  medium  and  high  intensities.  Optimisation  has  to  be 
achieved  in  improving  the  bonding  at  low  intensities,  for  example  by  altering  the 
atmosphere.  Generally  remelting  should  be  avoided,  because  it  will  cause  shrinkage 
and  curling  of  the  sintered  layer.  Also  the  microstructure  is  less  homogeneous. 

Infiltration 

Complete  infiltration  of  the  conventionally  sintered  components  with  liquid  metal 
was  achieved  after  45  min  total  infiltration  time.  Fig.  6  shows  the  microstracture  of 
the  infiltrated  sample.  Partial  reaction  zones  could  be  detected,  however  these  are 
not  generally  visible  in  the  material. 

Tensile  strength  of  the  45  min.  infiltrated  material  is  not  improved  as  compared  to 
the  sintered  material  but  hardness  is  increased.  The  reason  for  the  unimproved 
strength  lies  in  the  presence  of  singular  large  pores  in  the  infiltrated  material,  as 
could  be  observed  in  the  fracture  surface.  These  pores  are  filled  very  slowly, 
because  capillary  pressure  is  proportional  to  1/r,  where  r  is  the  radius  of  the 
capillary. 

Prolonged  infiltration  time  leads  to  an  increase  in  strength,  also  hardness  is  sligthly 
reduced. 


Table  1:  Mechanical  properties  of  as  sintered  and  infiltrated  material 


Material 

Tensile  Strength  (MPa) 

Rockwell  Hardness 

as  sintered  material 

96  -  105 

25.2 

45  min  infiltrated  material 

92  -  102 

89.6 

90  min  infiltrated  material 

132 

69.5 
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Conclusions 


Direct  laser  sintering  of  metal  powder  mixtures  needs  careful  control  of  laser 
intensities  to  avoid  remelting  of  the  powder  material  and  to  achieve  a  homogeneous 
microstructure  of  the  sintered  layer.  Using  the  described  powder  mixture  direct 
sintering  of  more  complex  parts  was  done  at  room  temperature. 

Infiltration  of  the  sintered  porous  material  is  practical,  however,  property 
improvement  is  poor  at  the  moment.  Further  improvement  to  achieve  reasonable 
strength  values  of  about  200  MPa  tensile  strength  is  necessary. 
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b)  c) 

SEM-micrographs  of  the  as  laser  sintered  metal  powder,  low  (a),  medium 
(b)  and  high  laser  intensity  (c),  top  view 


Fig.  1:  SEM-micrograph  of  the  composite  metal  powder  used  for  laser  sinter 
experiments  (Ni  powder  appears  bright  in  the  micrograph) 


a) 

Fig.  2: 
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a)  b)  c) 

Fig.  3:  Optical  micrograph  of  one  individual  layer  of  laser  sintered  metal  material, 
low  (a),  medium  (b)  and  high  laser  intensity  (c),  cross  section  (layer 
thicknes  is  100  pm  and  top  of  the  layer  is  to  the  left  hand  side) 


Fig.  4:  Laser  sintered  component  out  of  composite  powder 
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Fig.  5:  Micro  structure  of  conventionally  sintered  composite  powder 


Fig.  6:  Microstructure  of  sintered  and  subsequently  infiltrated  material 
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Introduction 

Many  rapid  prototyping  materials  and  processes  produce  parts  which  have  relatively  low 
stiffness,  strength,  and  ductility.  While  such  parts  are  useful  for  visualization,  they  have  limited  value 
where  functional  features  are  necessary  or  where  application  testing  is  required.  In  order  to  satisfy  these 
more  demanding  requirements,  rapid  prototyping  materials  which  offer  part  performance  representative  of 
molded  plastics  are  required. 

DTM  has  developed  and  commercialized  nylon-based  materials  (LN-4010  and  LNF-5000)  for  the 
SLS  process  which  produce  strong,  durable  parts  without  the  use  of  constraint  or  support  structures.  In 
order  to  produce  dimensionally  accurate  SLS  nylon  parts,  careful  control  of  the  thermal  environment  is 
required  during  the  entire  process  cycle.  In  this  paper,  the  thermal  control  elements  necessary  to  achieve 
this  goal  are  described.  Background  information  concerning  SLS  nylon  part  performance  and  material 
process  behavior  is  also  provided. 


SLS  Nylon  Part  Performance 

SLS  nylon  is  marketed  as  two  distinct  products;  the  first,  LN-4010  has  a  mean  volume -average 
particle  size  of  120  microns  while  the  second,  LNF-5000,  has  a  mean  volume-average  particle  size  of  50 
microns.  The  latter  material  is  used  to  produce  parts  with  fine  detail,  strong  small  features,  and  smoother 
surfaces.  Examples  of  parts  produced  with  both  versions  of  this  material  are  shown  in  Figures  1  and  2. 
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Properties  of  parts  produced  with  the  SLS  process  and  by  compression  molding  are  shown  in 
Table  1.  Compression  molded  parts  provide  a  valuable  performance  baseline  since  they  are  fully  dense, 
but  lack  the  orientation  effects  of  injection  molded  parts. 

Table  1:  Mechanical  Properties  of  Compression  Molded  and  SLS  Parts 


PROPERTY 

COMPRESSION  MOLDED 

LN  4010  SLS  PARTS 

TENSILE  STRENGTH  (PSI) 

6300 

5200 

TENSILE  MODULUS  (KSI) 

208 

202 

ELONGATION  AT  YIELD  (%) 

30 

24 

IMPACT  STRENGTH  (FT-LB/IN) 

2.0 

1.3 

DENSITY  (g/cc) 

1.03-1.05 

0.95-1.00 

The  densities  of  the  parts  produced  by  both  methods  are  nearly  equal,  indicating  that  the  SLS 
parts  are  substantially  void  free.  This  observation  is  supported  by  micrographs  of  polished  cross  sections 
of  the  SLS  parts  which  show  only  a  small  number  of  microvoids.  The  mechanical  properties  of  both 
materials  are  also  nearly  equal,  again  consistent  with  the  absence  of  extensive  voiding  in  the  SLS  parts. 
The  modulus  and  yield  strength  of  the  SLS  nylon  parts  are  characteristic  of  a  number  of  high  volume 
injection  molded  materials  including  polypropylene  and  ABS.  The  ultimate  failure  strain  and  notched 
Izod  values  for  the  SLS  parts  are  somewhat  lower  than  the  compression  molded  values  which  probably 
reflects  the  greater  sensitivity  of  these  ultimate  properties  to  even  a  small  number  of  microvoids. 
Nonetheless,  the  high  strength,  ductility,  and  toughness  of  SLS  nylon,  particularly  compared  to  other 
rapid  prototyping  systems,  allow  prototypes  with  greatly  enhanced  functionality  to  be  fabricated. 


SLS  Nylon  Processing 

The  excellent  mechanical  properties  of  SLS  nylon  are  a  direct  result  of  the  fact  that  nearly  fully 
dense  parts  are  produced  during  processing.  Not  all  materials  can  be  easily  processed  to  full  density. 
Amorphous  polymers  such  as  polycarbonate  are  typically  found  to  produce  porous  parts.  Amorphous 
polymers  exhibit  a  second  order  thermal  transition  (the  "glass  transition"  temperature)  and  a  gradual 
decrease  in  viscosity  when  heated  above  this  temperature  as  is  illustrated  qualitatively  in  Figure  3a. 


Figure  3:  Qualitative  Temperature- Viscosity  Curves 


A 

AMORPHOUS  MATERIAL 


B 

SEMI-CRYSTALLINE  MATERIAL 
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The  part  bed  in  an  SLS  machine  can  usually  be  maintained  at  a  temperature  near  the  glass  transition 
temperature  for  such  materials.  Since  the  viscosity  controls  the  kinetics  of  densification,  amorphous 
polymers  must  generally  be  heated  with  the  laser  to  temperatures  well  above  the  part  bed  temperature  in 
order  to  produce  densified  parts.  While  it  is  possible  in  principle  to  make  fully  dense  amorphous  parts,  a 
variety  of  factors  associated  with  large  energy  inputs  including  thermal  control,  material  degradation,  and 
growth  make  this  goal  difficult  to  achieve  in  practice.  Of  course,  materials  with  controlled  porosity  can  be 
very  valuable  for  particular  applications  such  as  casting. 

Semi-crystalline  materials,  such  as  SLS  nylon,  behave  very  differently  in  the  SLS  process.  These 
materials  have  both  a  glass  transition  temperature  and,  at  a  higher  temperature,  a  first  order  melting  point 
transition.  In  the  SLS  process,  the  part  bed  temperature  can  usually  be  maintained  just  below  the  onset  of 
melting.  At  the  melt  temperature,  the  material  is  transformed  from  a  solid  to  a  viscous  liquid  over  a 
narrow  temperature  range  as  is  illustrated  qualitatively  in  Figure  3b.  Only  a  small  quantity  of  energy  (the 
heat  of  fusion)  is  required  to  transform  the  material  to  a  state  where  densification  can  occur  and,  as  a 
result,  the  issues  associated  with  high  energy  inputs  are  greatly  reduced  and  nearly  fully  dense  parts  can 
be  produced  if  the  melt  viscosity  is  sufficiently  low.  In  addition,  SLS  nylon  resolidifies  in  such  a  way  that 
no  layerwise  stress  development  or  warp  is  observed  as  the  part  is  constructed  and,  as  a  result,  no 
constraint  or  support  structures  are  required.  Part  geometry  is  supported  only  by  unmelted  powder. 

After  the  part  is  built,  it  is  cooled  in  the  unmelted  powder  from  the  build  temperature 
(approximately  190°  C)  to  near  room  temperature.  If  the  cooling  rate  during  this  portion  of  the  process  is 
not  sufficiently  slow,  unbalanced  stresses  and  warpage  can  develop  in  the  parts.  Recent  work  has  focused 
on  the  thermal  control  mechanisms  necessary  to  eliminate  such  warpage. 


Control  of  Long-Term  Cooling  Rate 

The  part  cooling  rate  just  described  above  is  commonly  referred  to  as  the  "long  term  cooling  rate" 
and  has  a  time  scale  of  hours.  During  layerwise  part  construction,  control  of  heating/cooling  rates  and 
thermal  gradients  is  also  important,  but  the  time  scale  for  these  events  is  seconds  or  minutes  rather  than 
hours.  The  control  of  long-term  cooling  rates  in  the  build  cylinder  or  "part  cake"  is  complex.  Since  parts 
are  supported  only  by  unmelted  powder,  multiple  "layers"  of  parts  are  typically  produced  during  a  single 
build  as  is  shown  schematically  in  Figure  4.  The  first  parts  made  are  built  directly  above  the  part  piston 
and  are  referred  to  as  "Layer  1"  parts.  Subsequent  layers  of  parts  are  labeled  in  the  order  in  which  they  are 
built  and  are  insulated  from  the  piston  by  the  layers  of  parts  which  were  previously  constructed.  If  the 
metal  part  piston  temperature  is  not  controlled,  the  parts  on  the  Layer  1  and  perhaps  even  Layer  2  may 
experience  a  higher  cooling  rate  and  greater  warpage  than  the  better  insulated  parts  which  are 
subsequently  built 

An  additional  complexity  associated  with  cooling  rate  control  in  the  part  cake  is  that  the 
available  control  options  are  limited.  As  described  above,  boundary  value  temperatures  can  be  controlled, 
but  the  insulating  properties  of  polymer  powders  are  such  that  only  parts  which  are  built  close  to  the 
boundary  are  affected  by  this  mechanism.  A  potentially  effective  means  to  manage  cooling  rates  in  the 
entire  part  cake  is  to  percolate  gas  through  the  porous  cake,  a  practice  referred  to  as  "downdraft".  Since 
radiant  heat  energy  is  supplied  to  the  top  of  the  part  bed  as  a  means  of  controlling  the  temperature  of  the 
surface,  percolating  gas  down  through  the  bed  will  retard  cooling  of  the  part  within  the  bed  by  actively 
supplying  heat  to  the  part.  As  the  gas  is  drawn  through  the  top  of  the  part  bed,  the  gas  is  heated  by  the 
hot  upper  region  of  the  part  bed. 

Control  of  the  long  term  cooling  rate  of  SLS  parts  is  now  accomplished  by  controlling  the 
temperature  of  the  part  piston  and  by  using  downdraft.  These  thermal  control  mechanisms  are  used  to 
produce  nylon  parts  with  less  than  0.010  inch  of  out  of  plane  warp  in  the  entire  nylon  build  volume. 
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Figure  4:  Cross  section  of  SLS  part  build  area 


The  effectiveness  of  using  piston  temperature  control  and  downdraft  to  control  the  long  term 
cooling  rate  of  nylon  parts  was  identified  by  using  a  design  of  experiments  (DOE)  approach. 
Experimental  designs  were  run  with  the  input  variables  being  piston  temperature  and  downdraft  flowrate. 
Cooling  rate  within  a  build  is  difficult  to  measure,  so  the  output  of  the  experimental  designs  was  part 
warp.  A  sufficiently  low  cooling  rate  was  inferred  when  parts  were  produced  with  an  acceptable  degree  of 
warp.  Since  a  high  degree  of  interaction  was  suspected  and  few  variables  were  involved,  full  factorial 
designs  were  usually  run. 

An  example  of  the  results  from  the  DOE's  is  shown  below.  Figure  5  is  a  boxplot  showing  the 
effect  of  increasing  the  piston  temperature  on  Layer  1  parts.  The  vertical  scale  is  part  curvature  diameter, 
in  inches.  Part  curvature  is  a  measure  of  the  diameter  of  the  circle  which  would  pass  through  the  bottom 
of  the  part.  The  higher  the  part  curvature  diameter,  the  less  the  part  is  warped;  a  perfectly  flat  plane  has 
an  infinite  curvature  diameter.  The  horizontal  line  at  200  inches  corresponds  to  a  total  plane  runout  of 
less  than  0.010  inch  on  a  3.5  inch  long  part.  The  horizontal  scale  is  the  two  levels  of  piston  temperature 
used  in  the  experiment. 
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Function  of  Piston  Temperature 


Piston  Temperature 


Figure  5  demonstrates  the  effectiveness  of  piston  temperature  control  in  limiting  the  warp  of 
parts  which  are  built  on  Layer  1.  The  decrease  in  warp  is  dramatic.  The  two  piston  temperature  levels  are 
uncontrolled  piston  temperature  (approximately  55°  C)  and  120°C  (1)  Parts  built  without  piston  heat  on 
the  first  layer  of  the  build  are  visibly  warped.  When  piston  heat  is  used,  part  warp  is  greatly  reduced.  In 
the  case  of  the  test  part  used  to  generate  the  data  shown  in  Figure  5,  the  use  of  piston  heat  reduced  the 
amount  of  warp  to  below  the  target  of  0.010  inch  of  plane  runout 

Piston  heat  dramatically  reduces  warp  of  parts  on  Layer  1  where  the  most  severe  warp  is 
generally  found.  Further  improvements  in  part  flatness  can  be  achieved  on  Layer  1  as  well  as  on 
subsequent  layers  when  downdraft  is  used  in  conjunction  with  piston  heat. 

Data  from  a  DOE  examining  downdraft  and  piston  heat  was  used  to  construct  a  mathematical 
model  showing  the  effect  of  the  input  variables.  Tables  3  and  4  show  the  ANOVA  model  data  derived 
from  a  full  factorial  design.  The  input  variables  are  downdraft  and  piston  heat.  The  levels  for  each  are  off 
and  23  1pm  (liters  per  minute)  for  downdraft,  off  and  120°C  for  piston  heat.  The  INTERCEPT  column  is 
the  average  of  all  part  plane  forms.  Plane  form  is  the  measurement  in  inches  of  the  degree  of  deviation 
from  a  theoretical  flat  plane.  Plane  form  was  used  in  this  experiment  set  because  a  part  curvature 
measurement  fails  when  the  part  flatness  approaches  the  0.010  inch  target.  Plane  form  is  a  direct 
measurement  of  part  warp.  The  aim,  therefore,  is  to  minimize  the  plane  form  value.  The  INTERCEPT 
corresponds  to  the  intercept  of  a  straight  line  passing  through  the  data.  The  VALUE  column  is  the 
coefficient  of  the  half  effect  in  inches  of  plane  form  for  the  particular  factor.  The  VALUE  corresponds  to 
a  line  fit  through  the  data.  The  P-VALUE  is  the  probability  of  the  observed  difference  in  mean  being  due 
to  chance  as  determined  by  an  F-test  among  the  groups.  Table  3  is  a  model  of  third  build  layer  parts; 
Table  4  is  a  model  of  first  build  layer  parts. 
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Table  3: 

First  Laver  Form  Model  (N2LO.AOV) 


COEFFICIENT 

VALUE 

P-VALUE 

INTERCEPT 

0.009420125 

DOWNDRAFT 

-0.001782875 

0.03899505 

PISTON 

-0.001535375 

0.07327590 

DOWNDRAFT*PISTON 

0.001741625 

0.04347266 

Table  4: 

Third  I, aver  Form  Model  (N2HI.AOV1 


COEFFICIENT 

VALUE 

P-VALUE 

INTERCEPT 

0.00781475 

DOWNDRAFT 

-0.00100075 

0.0885140 

PISTON 

0.00019475 

0.7287225 

DOWNDRAFT*PISTON 

-0.00015375 

0.7840782 

Note  that  the  coefficients  (VALUE)  in  Table  3  for  downdraft  and  piston  heat  are  negative.  This 
demonstrates  that  as  the  input  variables  are  increased  from  the  low  setting  to  the  high  setting,  the  warp  of 
the  Layer  1  parts  is  decreased.  The  P-value  is  the  level  of  significance  of  the  influence  of  these  features 
(alpha).  The  higher  the  P-VALUE,  the  more  likely  the  observed  difference  in  mean  between  the  two 
groups  is  due  to  chance.  Table  3  shows  that  the  piston  heat  and  downdraft  are  significant  and  positive  in 
their  effect  on  part  warp.  The  empirical  model  of  warp  for  parts  which  are  produced  higher  in  the  build  is 
shown  in  Table  4.  Table  4  shows  that  the  effect  of  piston  heat  is  no  longer  significant  by  the  Layer  3 
parts,  but  the  downdraft  does  decrease  warp  for  parts  not  adjacent  to  the  piston. 

Figure  6:  Effect  of  Downdraft  and  Piston  Heat  on  Laver  2  Parts 
A  B 
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Figure  6  is  a  set  of  two  boxplots  of  the  line  form  taken  from  the  open  bottom  edge  of  an  enclosure 
part.  The  data  used  to  generate  Figure  6  were  gathered  from  Layer  2  parts.  Figure  6a  shows  a  definite 
decrease  in  part  warp  as  downdraft  flowrate  is  increased.  Figure  6b  shows  that  the  effect  of  piston  heat  at 
this  position  (Layer  2)  in  the  build  is  less  conclusive.  At  the  bottom  of  the  build,  the  parts  which  require 
the  most  stringent  thermal  control  in  order  to  achieve  the  correct  cooling  rate  are  affected  directly  by  the 
piston  heater.  On  subsequent  layers,  the  effectiveness  of  the  piston  heat  in  controlling  the  long-term 
cooling  rate  becomes  less  significant  due  to  the  fact  that  unmelted  SLS  powder  is  an  excellent  insulator. 
For  parts  embedded  in  the  part  cake  surrounded  by  this  thermal  insulator,  percolation  of  heated  gas  is  one 
of  the  few  practical  methods  to  redistribute  heat  in  the  part  cake. 


Summary 

•  The  mechanical  performance  of  prototype  parts  produced  with  LN-4010  and  LNF-5000  is 
representative  of  many  injection  molded  high-volume  engineering  plastics.  These  functional 
prototype  parts  can  be  produced  in  the  Sinterstation™  2000  System  without  the  use  of  constraint  or 
support  structures. 

•  In  order  to  minimize  the  development  of  unbalanced  stresses  and  warpage  in  SLS  nylon  parts,  it  is 
necessary  to  limit  the  rate  at  which  they  are  cooled  from  the  build  temperature  to  room  temperature. 

•  Moderation  of  cooling  rates  in  SLS  nylon  builds  is  achieved  by  controlling  the  part  piston 
temperature  and  by  percolating  process  gas  through  the  part  cake,  a  procedure  referred  to  as 
"downdraft".  The  use  of  these  mechanisms  allows  SLS  nylon  parts  with  less  than  0.010"  warp  to  be 
produced  in  the  entire  nylon  build  volume. 
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ABSTRACT 

Rapid  prototyping  technology  is  advancing  at  a  tremendous  rate.  Much  of  this 
progress  is  due  to  research  being  conducted  within  academic  institutions  and  industry 
throughout  the  world.  The  USA  is  leading  the  research  community  in  this  field  but  a 
significant  contribution  is  coming  from  Europe,  Japan  and  elsewhere.  The  primary  aim  of 
this  paper  is  to  give  a  worldwide  overview  of  current  research  activity  and  initiatives. 
Hopefully,  this  will  enable  researchers  to  see  where  their  own  work  fits  into  the  global 
picture.  If  this  leads  to  increased  co-operation  and  a  reduction  in  duplication  of  effort, 
then  an  even  faster  rate  of  advance  should  be  attainable. 


INTRODUCTION 

Rapid  prototyping  (RP)  is  one  of  the  fastest  developing  manufacturing 
technologies  in  the  world  today.  In  less  than  ten  years  it  has  grown  from  a  single  system 
sold  by  one  company  to  a  point  where  over  a  dozen  different  systems  are  sold 
commercially,  research  is  being  conducted  in  virtually  every  industrialised  country  and 
hundreds,  if  not  thousands,  of  academics  and  industrialists  are  actively  involved  in 
developing  RP  technology.  This  exponential  rate  of  growth  makes  it  virtually  impossible 
to  remain  informed  about  research  in  our  own  country,  never  mind  the  rest  of  the  world. 

The  aim  of  this  paper  is  to  give  a  brief  overview  of  what  is  happening  in  RP 
research  outside  of  North  America.  (The  author  has  assumed  that  information  on  North 
American  research  is  readily  available  to  most  symposium  attendees.)  The  majority  of  the 
research  work  discussed  in  this  paper  has  been  conducted  in  Europe.  In  Japan,  the  other 
major  area  of  activity  outside  the  USA,  research  is  mainly  undertaken  by  system  vendors 
who  do  not  readily  publish  their  work.  It  cannot  be  claimed  that  this  paper  is  an 
exhaustive  review  of  the  subject  but  it  will  hopefully  cover  enough  developments  to  be 
both  informative  and  useful.  The  paper  begins  by  looking  at  various  areas  of  RP 
research  activity,  goes  on  to  list  research  initiatives  and  finishes  with  some  conclusions 
that  can  be  drawn  from  this  overview. 
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RESEARCH  ACTIVITIES 

Much  of  the  research  in  the  field  of  RP  is  the  area  of  applications,  i.e.  finding  new 
products  or  industries  to  which  the  technologies  can  be  applied.  However,  this  type  of 
research  is  often  at  a  fairly  low  level  and  is  considered  outside  the  scope  of  this  review. 
The  research  activities  reported  here  are  those  aimed  at  advancing  RP  technology  rather 
than  using  existing  technology  for  a  new  purpose. 

RP  Data  Preparation  and  Verification 

This  research  addresses  the  "upstream"  aspects  of  the  RP  process,  i.e.  preparation 
and  verification  of  the  data  within  the  CAD  system  and  the  exchange  of  data  to  the  RP 
system.  At  Helsinki  University  of  Technology  in  Finland,  researchers  are  developing 
software  to  verify  and,  if  necessary  correct,  STL  files  that  have  been  created  for  RP 
processes1.  This  software  searches  for  incorrectly  defined  facets  and  uses  topological 
algorithms  to  redefine  them.  This  is  one  method  of  overcoming  problems  in  what  has 
become  the  RP  industry  exchange  standard.  A  RP  bureau  in  Belgium  called  Materialise 
have  decided  to  follow  a  different  strategy.  They  have  developed  a  suite  of  software 
modules  to  work  with  the  alternative  exchange  formats  that  use  contours  or  profiles 
rather  than  triangulations2.  These  modules  can  convert  data  from  one  format  to  another, 
check  for  errors  in  contours  (e.g.  gaps,  overlaps)  and  automatically  correct  them,  allow 
manual  error  correction  and  automatically  generate  supports  for  a  contour  file. 

A  related  area  of  research  is  prediction  of  RP  build  times.  When  presented  with  an 
exchange  file,  it  would  be  useful  for  the  RP  machine  operator  to  know  how  long  it  will 
take  to  build  the  part.  At  the  Queensland  University  of  Technology  in  Australia  a 
software  program  called  SLICER  is  being  developed  to  do  precisely  this  for  an  SLA  250 
machine3.  The  program  works  by  loading  an  STL  file,  slicing  this  file  into  layers  and 
calculating  the  build  time  for  each  layer.  The  program  takes  account  of  laser  scanning 
speed  and  pattern.  The  predicted  times  are  currently  well  below  actual  build  times.  This 
has  been  attributed  to  the  UV  laser  irradiance  distribution  not  being  truly  Gaussian  in 
nature.  Work  is  continuing  with  the  aim  of  modifying  SLICER  to  take  account  of  this 
factor. 


Photo  Polymerisation  Process  Development 

Many  research  establishments  have  recognised  the  limitations  of  photo 
polymerisation  in  terms  of  part  accuracy  and  distortion.  Projects  aimed  at  understanding 
and  overcoming  these  problems  are  in  progress  both  in  Europe  and  Japan.  The 
Fraunhofer  Institut  fur  Produktionstechnologi e  (IPT)  at  Aachen  in  Germany  has  been 
conducting  experiments  over  the  last  two  years  aimed  at  determining  the  influence  of 
process  parameters  upon  stereolithography  part  quality*.  They  have  shown  that  part 
distortion  can  be  reduced  through  optimised  exposure  techniques  (e.g.  using  cells)  and 
scanning  strategies  (e.g.  checker-board  scan).  A  similar  investigation  has  been 
conducted  into  the  accuracy  of  parts  produced  by  the  solid  ground  curing  process  at 
the  SINTEF  Institute  Trondeim  in  Norway^. 
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In  Japan,  much  of  this  line  of  research  is  conducted  by  commercial  system 
vendors  who  keep  their  results  confidential.  However,  projects  on  stereolithography 
part  accuracy  have  been  undertaken  in  Tokyo  and  Hokkaido  Universities.  In  Hokkaido, 
many  aspects  have  been  investigated  including  measurement  and  prediction  of  solidified 
unit  shape,  shape  deformation  analysis  and  analysis  of  laser  optics  with  regard  to  spatial 
power  distribution. 

Other  interesting  photo  polymerisation  developments  include  the  use  of 
stereolithography  for  microfabrication.  The  Kyushu  Institute  of  Technology  in  Japan 
have  been  using  an  ultraviolet  lamp  with  a  spot  size  of  5pm  and  positional  accuracy  of 
lpm.  They  have  been  able  to  produce  components  in  polymer  and  metal  (using 
investment  casting)  with  feature  sizes  of  around  50pm2. 

At  Osaka  Sangyo  University  a  high  power  CO 2  laser  with  a  spot  size  of  50  to 
60pm  is  being  used  to  cure  an  epoxy-cationic  resin  loaded  with  carbon  powders.  Using 
this  configuration  it  is  possible  to  obtain  a  deep  and  narrow  solidified  unit  shape.  This 
has  the  potential  of  delivering  a  faster  and  more  accurate  system  than  those  currently 
available. 

Beam  interference  or  biphotonic  polymerisation  is  a  development  of  standard 
photo  polymerisation.  Instead  of  a  single  laser  beam  scanning  in  2d  to  create  solidified 
layers,  two  laser  light  sources  are  directed  to  interfere  with  each  other  anywhere  in  3d 
space  within  a  vat  of  resin.  Thus  a  3d  object  can  be  built  in  situ  without  the  need  for 
incrementing  a  platform  between  layers.  A  joint  project  between  the  Institut 
Polytechnique  de  Sevenans  and  the  Laboratoire  Apolo  in  France  aims  to  develop  such  a 
system^.  The  approach  they  are  pursuing  is  to  use  a  mercury  lamp  to  provide  a  "layer"  of 
horizontal  light  and  a  He-Ne  laser  to  provide  a  focused  vertical  beam.  The  resin  used  will 
only  polymerise  when  both  light  sources  are  present. 

Laser  Fusion  Process  Development 

Much  of  the  process  development  research  for  laser  sintering  is  aimed  at 
producing  metal  components.  At  IPT  in  Germany  a  300W  Nd:YAG  laser  has  been  used 
to  sinter  both  high  and  low  melting  point  metal  powders  (stainless  steel  and  bronze 
nickel)10.  They  have  also  been  working  with  laser  generation  (see  below)  and  have  been 
drawing  comparisons  between  the  two  processes.  Important  differences  identified  are  in 
surface  roughness  and  internal  crystalline  structure.  To  underline  the  imminent  arrival  of 
a  commercial  metal  sintering  process,  the  German  company  EOS  have  been  using  their 
EOSINT  machine  to  sinter  a  low  melting  point  alloy  powder  without  polymer  coating  or 
pre-heating11. 

Laser  generation  or  laser  cladding  involves  directing  a  high  power  laser  onto  the 
part  being  built  and,  simultaneously,  feeding  a  cladding  material  in  the  form  of  powder  or 
wire  directly  into  the  laser  spot  on  the  surface  of  the  part.  By  moving  the  laser  and  feed 
with  respect  to  the  part  it  is  possible  to  lay  down  tracks  and  create  a  3d  shape.  IPT  have 
been  applying  this  technique  since  1993  and  have  created  a  range  of  fairly  simple  parts. 
Using  a  700W  CO2  laser  with  a  cobalt-based  alloy,  accuracies  of  +/-  0.1mm  and  surface 

finishes  of  50pm  have  been  achieved12.  Research  into  laser  fusion  is  also  being 


112 


conducted  at  Stuttgart  University  in  Germany.  The  Institute  for  Polymer  Testing  and 
Polymer  Science  have  developed  a  process  called  laser  aided  powder  solidification 
(LAPS)13.  There  are  two  versions  of  this  process,  one  uses  a  powder  jet  and  the  other  a 
powder  bed.  The  second  version  is  very  similar  to  laser  sintering. 

Bead  Deposition  Process  Development 

Research  into  use  of  metals  for  bead  deposition  is  also  in  progress.  At  Nottingham 
University  in  England  a  3d  welding  process  is  being  used  to  create  steel  and  aluminium 
parts14.  A  MIG  welder  has  been  attached  to  a  programmable  robotic  arm  which  builds 
the  part  one  layer  at  a  time.  At  present,  the  process  creates  a  poor  surface  finish  but  a 
major  EU  funded  programme  commenced  in  1993  with  the  aim  of  optimising  system 
parameters  to  resolve  this  problem. 

A  joint  project  between  the  Fraunhofer  Institute  for  Applied  Materials  Research 
(IFAM),  Bremen  and  the  Fraunhofer  Institute  for  Manufacturing  Engineering  and 
Automation  (IPA),  Stuttgart  in  Germany  has  developed  a  bead  deposition  process 
known  as  Multiphase  Jet  Solidification^.  This  process  uses  a  heated  extrusion  head  (70 
to  220°C)  which  can  create  metal  or  ceramic  parts.  For  low  melting  point  metals  such  as 
tin-bismuth  alloys,  the  material  is  deposited  directly.  For  high  melting  point  metals  and 
ceramics,  a  mixture  of  powder  and  binder  is  used.  This  creates  a  "green"  part  which 
subsequently  has  the  binder  removed  and  is  then  sintered  resulting  in  around  30% 
shrinkage.  The  advantages  claimed  for  the  system  are  the  wide  variety  of  possible 
materials  and  the  simplicity  of  the  apparatus. 

Sheet  Lamination  Process  Development 

For  this  technique,  once  again  research  into  the  use  of  metals  is  in  progress.  At 
Dundee  University  in  Scotland  a  1000W  CO2  laser  is  being  used  to  profile  cut  sheet  steel 
of  1  or  2mm  thickness 16 .  Currently,  the  profiles  are  manually  stacked  and  bonded  using 
solder  or  adhesive.  Advantages  claimed  for  this  process  over  other  proposed  metal  RP 
systems  are  low  cost  of  material  and  the  ability  to  produce  overhangs  without  supports. 


RESEARCH  INITIATIVES 

There  are  a  number  of  national,  continental  and  global  RP  research  initiatives  that 
are  being  funded  by  governments  and/or  industry.  The  general  aim  of  these  is  to 
promote  collaboration  between  academic  and  industrial  partners  to  enable  advances  in 
RP  technology.  Several  of  these  initiatives  are  outlined  below. 

Australian  Initiative 

In  1991,  the  Queensland  Government  Department  of  Business  Industry  and 
Regional  Development  identified  RP  as  a  technology  that  was  vital  to  local  industry  17. 
As  a  result,  it  has  set  up  a  network  within  six  educational  establishments  to  encourage 
research  into  RP  and  dissemination  of  knowledge  to  local  companies.  Each  institution 
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has  been  provided  with  a  CAD/CAM  workstation  and  access  to  an  SLA  250  machine. 
This  facility  can  be  used  for  the  education  of  undergraduate  engineers,  for  research 
projects  or  as  a  low-cost  bureau  service  for  industry.  This  approach  has  proved  so 
successful  that  the  network  has  been  able  to  provide  support  to  industries  across  the 
whole  of  Australia  and  beyond. 


Japanese  Initiative 

In  Japan  most  research  is  undertaken  by  the  RP  companies  and  government 
support  has  not  been  extensive.  However,  this  year  the  Japanese  government  is 
expected  to  begin  funding  a  four  year  research  project  concentrating  on  the  areas  of 
data  transfer,  fundamentals  of  resin  solidification  and  applications  of 
stereolithography  is.  The  total  funding  for  the  project  will  be  in  the  order  of  800m  YEN. 
Once  again,  most  of  the  research  will  be  conducted  within  industry  rather  than 
academia. 

European  Initiatives 

A  project  entitled  the  European  Action  on  Rapid  Prototyping  (EARP)  has  been 
initiated  by  the  Danish  Technological  Institute  using  funding  from  the  EU  Brite  EuRam 
programme.  Its  partners  are  drawn  from  both  industrial  and  academic  establishments 
researching  in  the  field  of  RP.  Amongst  the  project  objectives  are  the  provision  of  a 
forum  for  information  exchange,  the  encouragement  of  co-operation  and  the 
identification  of  new  areas  for  research  and  development.  EARP  has  five  work  areas:- 

•  Creative  Design  and  Product  Development 

•  Model  and  Prototyping 

•  Tooling 

•  CAD  and  Software 

•  Medical  Applications 

The  project  commenced  in  early  1993  and  will  run  for  three  or  four  years. 

Several  other  European  RP  research  projects  are  being  funded  through  the  Brite 
EuRam  programmei9.  These  include  leadtime  reduction,  spray-forming  tooling,  RP  for 
the  automotive  industry,  RP  models  from  medical  images,  RP  for  short-run  injection 
moulds,  development  of  laser  sintering  and  RP  of  metal  components.  Each  project 
involves  a  consortium  of  academic  and  industrial  partners  with  one  partner  undertaking 
the  role  of  co-ordinator. 

Another  EU  funded  initiative  is  the  SPRINT  programme  aimed  at  evaluating  the 
current  Europe-wide  capability  for  producing  tooling  using  RP  techniques.  It  takes  the 
form  of  a  survey  of  all  RP  facilities  in  Europe  and  the  result  will  be  a  public  report 
detailing  the  technologies  that  are  available,  the  organisations  using  these  and  the 
feasibility  of  creating  RP  parts  in  the  correct  production  material. 

Nordisk  Industrifond  has  given  a  grant  to  a  consortium  of  companies  and 
institutes  from  Norway,  Sweden,  Finland  and  Denmark  for  a  project  entitled  "Layer 
Manufacturing  as  a  Tool  for  Reduction  of  Product  lead  Time"20.  The  2  year  project  has 
just  started  and  will  concentrate  mainly  on  the  impact  that  RP  can  have  on  casting 
technologies. 
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Global  Initiative 


The  Intelligent  Manufacturing  Systems  (IMS)  programme  was  established  with 
the  aim  of  conducting  international  pre-competitive  R&D  in  advanced  manufacturing21. 
Six  regions  are  participating  in  IMS  namely  Australia,  Canada,  European  Union, 
European  Free  Trade  Association,  Japan  and  the  USA.  A  test  case  on  Rapid  Product 
Development  was  initiated  during  1993  along  with  five  others  to  ascertain  the  feasibility 
of  co-operation  on  this  world-wide  scale.  Part  of  the  test  case  was  a  capability 
assessment  of  commercial  RP  technologies  using  two  test  parts.  The  fact  that  RP  was 
chosen  as  one  of  the  key  areas  to  be  addressed  by  this  major  international  programme 
indicates  the  high  profile  it  has  already  gained  within  manufacturing  industry  around  the 
world. 


Rapid  Prototyping  Associations 

Throughout  the  world,  users  of  RP  technology  are  recognising  the  benefits  of  co¬ 
operation  and  dissemination  of  knowledge.  This  has  resulted  in  the  formation  of  RP  user 
associations.  Although  these  associations  cannot  be  classified  as  research  initiatives, 
they  do  share  some  of  the  same  aims.  They  promote  collaboration  between  academic  and 
industrial  partners  and  provide  a  forum  for  sharing  information  on  RP  technology  and 
applications.  In  recent  years,  several  national  RP  associations  have  been  formed.  These 
include  the  Japanese  Rapid  Prototyping  Industrial  Association,  The  UK  Rapid 
Prototyping  and  Manufacturing  Association  and  the  Association  Francais  de 
Prototypage  Rapide.  There  are  also  plans  to  establish  an  Australian  Rapid  Product 
Development  Consortium22  to  help  co-ordinate  RP  research  activities  in  that  country. 


CONCLUSIONS 

The  activities  reviewed  in  this  paper  show  that  researchers  outside  of  North 
America  are  making  a  significant  contribution  to  the  advance  of  RP  technology.  Centres 
of  excellence  are  emerging  such  as  the  Fraunhofer  institutes  in  Germany.  A  major  theme 
of  research  in  Europe  is  the  development  of  RP  systems  for  metal  components.  In  Japan, 
most  work  is  directed  at  improving  the  photo  polymerisation  technique.  The  use  of  lasers 
figures  highly  in  much  of  the  research,  with  high  power  lasers  playing  an  increasingly 
important  role.  Governments  are  recognising  the  strategic  implications  of  RP  technology 
and  are  supporting  research  through  various  initiatives.  This  is  especially  true  in  Europe 
where  a  number  of  different  funding  programmes  have  been  established.  Finally,  world¬ 
wide  co-operation  on  RP  research  has  only  just  begun  with  the  IMS  Rapid  Product 
Development  test  case.  The  opportunities  for  developing  symbiotic  links  are  there  and 
must  be  taken  if  RP  technology  is  to  advance  at  its  maximum  potential  rate. 
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This  paper  describes  the  results  of  a  worldwide  assessment  of  commercial  rapid  prototyping 
technologies  that  was  initiated  in  the  Intelligent  Manufacturing  Systems  IMS  Test  Case  on  Rapid 
Product  Development.  Additionally,  this  paper  will  highlight  the  development  of  university-led 
rapid  prototyping  technologies. 

Objectives: 

The  objectives  of  this  assessment  arc: 

•  Characterize  and  differentiate  the  commercially  available  rapid  prototyping  technologies  by 
identifying  their  economic  factors  and  technical  capabilities 

•  Benchmark  the  pre-processing,  building  and  post  processing  time  to  fabricate  a  common  part 

•  Provide  a  document  on  commercially  available  technologies  for  potential  purchasers  to  use  to 
compare  and  contrast  the  many  systems  and  models  available  and, 

•  Provide  a  brief  overview  of  university-led  rapid  prototyping  research  and  development. 


NOTE:  The  information  contained  in  this  assessment  is  dated  to  the  Winter  of  ’93-'94.  The 

Rapid  Prototyping  industry  has  proven  to  be  dynamic  and  in  continuous  improvement. 
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Table  1  is  a  listing  of  commercial  organizations  that  were  solicited  for  participation  in  this 
worldwide  assessment. 


Location 

Process 

Valencia,  CA  U.S. 

SLA 

Greenville,  SC  U.S. 

Ballistic  Particle  Manufacturing  -  Jetting 

C-MET 

Tokyo, Japan 

Solid  Ob  ject  Ultraviolet  Plotter  SOUP 

C-MET 

Stuttgart,  Germany 

Solid  Ob  ject  Ultraviolet  Plotter  SOUP 

Cubital 

Raanana,  Israel 

Solider  -  Masked  Printing 

D-MEC 

Tokyo, Japan 

Solid  Creation  System 

DTM  Corp. 

Austin,  TX  U.S. 

Selective  Laser  Sintering 

EOS 

Planegg,  Germany 

Electro  Optical  Systems 

EOS 

Stuttgart,  Germany 

Electro  Optical  Systems 

Falls  Church,  VA  U.S. 

EBBHH 

Torrance,  CA  U.S. 

Laminated  Object  Manufacturing 

Laser  3D 

Nancy,  France 

Stereophotolithography 

Milwaukee,  WI  U.S. 

Masked  Printing 

Tokyo, Japan 

Colamm 

Soligen 

Northridge,  CA  U.S. 

Direct  Shell  Production  Casting 

Sparx  AB 

Molndal,  Sweden 

Hot  Sparx 

Eden  Prairie,  MN  U.S. 

Fused  Deposition  Modeling 

Teijin  Seiki 

Kawasaki,  Japan 

Soliform 

Texas  Instruments 

Plano,  TX  U.S. 

Protojet  -  Jetting  Technology 

Windham,  NH  U.S. 

. . .  III  II . . 

Table  1.  —  Listing  of  commercial  organizations  solicited  for  participation  in  this  assessment. 

In  order  to  meet  the  needs  of  this  assessment,  two  common  test  parts  were  created  to  provide  a 
variety  of  geometrical  features.  Each  part  measures  6-inches  long  by  4-inches  wide.  See  figure  1. 


Figure  1  --  Isometric  views  of  the  test  parts. 
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Background  of  Intelligent  Manufacturing  Systems: 

The  following  background  information  was  sent  to  the  companies  in  Table  lto  provide  a  basis  for 
their  decision  to  participate. 

The  principal  objective  of  the  IMS  program  is  to  conduct  international  pre-compctitive  R&D  in 
advanced  manufacturing.  In  1993,  the  feasibility  of  such  collaboration  was  tested  by  conducting 
six  test  cases  on  selected  topics  in  advanced  manufacturing.  The  organization  of  the  IMS 
feasibility  study  has  been  put  in  place  by  an  International  Steering  Committee,  Technical 
Committee,  and  Intellectual  Property  Rights  Committee,  all  composed  of  representatives  from  the 
six  regions  of  IMS:  Australia,  Canada,  European  Community,  European  Free  Trade  Association, 
Japan  and  the  United  States. 

Our  test  case  on  Rapid  Product  Development  is  focused  on  rapid  prototyping,  measurement  and 
conversion  technologies,  the  business  practices  associated  with  reduced  product  development 
cycle  time,  and  multi-media  communications.  This  work  was  conducted  by  22  partners  from  four 
regions:  Australia,  Canada,  European  Community,  and  the  United  States.  This  project  is  being  led 
by  the  following  Coordinating  Partners:  Australia  -  Swinburne  University  of  Technology,  and  the 
Queensland  Manufacturing  Institute;  Canada  -  Pratt  &  Whitney  Canada  and  Ecole  dc  Technologic 
Superieure;  European  Community  -  Daimler  Benz;  and  the  United  States  -  United  Technologies 
Corporation. 

Assessment  of  Rapid  Prototyping  Technologies: 

We  asked  the  rapid  prototyping  companies  to  fabricate  four  (4)  copies  of  the  test  part  with  the 
IMS-T2  STL  (see  figure  1),  file  that  was  provided  to  them  on  3-1/2"  floppy  disk.  We  also 
provided  a  fully  dimensioned  engineering  drawing  of  the  test  part.  In  our  evaluation,  we 
conducted  a  dimensional  inspection  of  the  parts  which  they  produced  and  shared  the  inspection 
results  of  their  parts  with  them.  However,  the  inspection  results  are  to  be  held  as  proprietary 
information  to  the  Coordinating  Partners  of  the  IMS  test  case  listed  above.  The  inspection  results 
will  not  be  publicized,  nor  will  they  be  shared  with  other  IMS  test  case  participants.  Additionally, 
we  asked  that  the  rapid  prototyping  companies  complete  the  questionnaire  forms  and  to  provide  a 
signature  of  a  company  officer  in  the  validation  section.  The  parts  and  the  Rapid  Prototyping 
Technologies  Questionnaires  were  displayed  at  the  IMS  International  Conference  in  Stuttgart, 
Germany  on  31  January  to  2  February  1994. 

We  provided  the  following  conditions  to  maintain  consistency  among  the  companies  in  fabricating 
the  test  parts: 

1.  The  4  parts  are  to  be  fabricated  directly  from  the  STL  files  provided  -  no  machining  or  manual 
polishing  beyond  removal  of  supports,  bases,  etc. 

2.  If  the  companies  are  required  to  calibrate  their  rapid  prototyping  process  for  the  parts  by 
making  some  iterative  trial  runs,  we  asked  that  they  limit  them  to  deliver  the  best  4  of  6  trials; 
however,  we  asked  that  they  identify  if  and  how  many  trial  runs  were  required. 

3.  If  their  processes  have  "offset"  capabilities  to  compensate  for  inaccuracies  such  as  material 
shrinkage,  laser  beam-width  compensation,  etc.,  then  we  asked  that  they  identify  the 
parameters  and  numerical  amounts  (in  all  directions)  used  to  produce  the  parts.  We  also 
asked  that  they  identify  the  thickness  of  each  layer. 
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4.  We  suggested  that  if  they  were  unable  to  fabricate  the  parts,  to  please  consider  completing  the 
questionnaire. 


Participating  companies  in  this  assessment 

Table  2  shows  a  listing  of  the  responses  from  the  solicited  companies  with  a  brief  comment  if  they 
did  not  provide  full  participation. 


Company 

Location 

YES 

NO 

Comments 

3D  Systems  Inc. 

Valencia,  CA  U.S. 

1  test  part  provided 

Helisys  Inc. 

Torrance,  CA  U.S. 

2  test  parts  provided 

Soligen  Inc. 

Northridge,  CA  U.S. 

2  molds  made  at  P&W 

Stratasys  Inc. 

Eden  Prairie,  MN  U.S. 

sUfi 

Cubital  Ltd. 

Raanana,  Israel 

lHH 

Laser  3D 

Nancy,  France 

Questionnaire  only 

EOS  GmbH 

Planegg,  Germany 

Parts  paid  for  by  DB 

C-MET 

Sindelfmgen,  Germany 

HHI 

By  Mercedes-Benz 

D-MEC  Ltd. 

Tokyo, Japan 

mm 

Teijin  Seiki  Co. 

Kawasaki-City,  Japan 

mm 

BPM  Corp. 

Greenville,  SC  U.S. 

C-MET 

Tokyo, Japan 

DTM  Corp. 

Austin,  TX  U.S. 

E-Systems 

Falls  Church,  VA  U.S. 

Light  Sculpting  Inc. 

Milwaukee,  WI  U.S. 

WiM. 

Mitsui  Engi&Ship  Building 

Tokyo, Japan 

mu 

Sparx  AB 

Molndal,  Sweden 

Texas  Instruments 

Plano,  TX  U.S. 

imm 

Windham,  NH  U.S. 

mu 

Table  2.  —  List  of  responses  from  the  commercial  organizations  solicited  for  participation  in 
this  assessment. 

System  and  Maintenance  Costs 

The  major  economic  factor  associated  with  rapid  prototyping  is  the  cost  of  purchasing  and 
maintaining  the  equipment.  Currently,  these  rapid  prototyping  systems  range  in  cost  from 
$75,000  for  a  Stratasys  FDM-1500,  to  $750,000  for  a  D-MEC  JSC-3000.  Table  3  shows  a  listing 
of  available  systems  from  the  participating  rapid  prototyping  companies  including  their  system 
prices,  annual  maintenance  fees,  and  training  costs. 

A  series  of  charts  are  provided  to  compare  the  variety  of  issues  related  to  these  systems.  The 
charts  are  annotated  to  assist  in  identifying  the  systems.  Figure  2  shows  a  bar  chart  of  the 
purchasing  costs,  and  figure  3  shows  the  maintenance  fees.  Note  that  most  of  the  companies  offer 
a  variety  of  options.  For  example,  six  machine  options  are  available  from  3D  Systems,  3  from 
EOS  and  D-MEC,  and  2  from  Flelisys,  Stratasys,  Cubital  and  Teijin  Seiki.  It  should  be  noted  that 
both  Soligen  and  Laser  3D  do  not  market  their  devices  for  purchase,  but  offer  a  licensing 
arrangement.  Soligen  provides  their  license  in  the  U.S  for  $350,000  and  for  $450,000  in  other 
world  regions.  Instead  of  a  maintenance  fee,  they  provide  for  a  usage  fee 
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7a^/e  5.  Listing  of  available  systems  including  their  costs  for  annual  maintenance  and  training,  and  warranty  period. 

Notes:  l)Variable  depending  upon  coverage  level,  hotline  support,  user  group  meetings,  application  consulting,  modem 
troubleshooting,  24  hour  response  time  &  SAV  updates;  2)  Inch  Laser,  HAV  &  SAV  Support;  3)  SAV  upgrades,  repairs;  4)  Laser  not 
inch;  5)  Laser  not  inch;  6)  Inch  Laser;  7)  $40/cm  -  $  12/cm  per  verticle  cm  built;  8)  HAV  maintenance  only  as  an  optional  purchase;  9) 
System  price  includes  terminal  unit  SAV  only,  annual  rental  includes  laser  maintenance,  operator  and  resin. 


per  vertical  cm  of  shell  built  on  a  sliding  scale  from  $40/cm  to  $  12/cm.  Laser  3D  only  provides  a 
terminal  unit  and  software  and,  for  additional  fees,  builds  the  actual  parts  at  their  facility  in  Nancy. 
France. 


System  Costs 


JSC-3000 


SLA-500/30 


SOUP  600. 


FDM-1500 


abcdefghi  jklmnopqrstuvw 

Note:  1.  Laser  3D  includes  terminal  &  software  only 


A  0SLA-1 90/20 
B  0SLA-25O/3O 
C  ■SLA-250/40 
D  □SLA-400 
E  0SLA-5OO/2O 
F  ■SLA-500/30 
G  ■LOM-1015 
H  □  LOM-2030 
I  □  DSPC-1 
J  □  FDM-1500 
K  B3D  Modeler 
L  ■  Solider  4600 
M  H  Solider  5600 
N  HSPL-1000 
O  ■  Stereos  300 
P  □  Stereos  400 
Q  E3  Stereos  600 
R  HI  SOUP  600 
S  BSCS-1000 
T  □  JSC-2000 
U  i]  JSC-3000 
V  fflSolHorm-300 
\y  saSoliform-500 


Figure  2  —  System  costs  are  provided  in  thousands  of  U.S.  dollars. 


Annual  Maintenance  Costs 


C-MET 


Cubital 


Teijin 

Seiki 


CDEFGH  I  J  KLMNO 

1) Soligen  varies  with  amount  of  use 

2)  Laser  3D  is  0 


A  HSLA-1 90/20 
B  ■SLA-250/30 
C  B  SLA-250/40 
D  □  SLA-400 
E  0SLA-5 00/20 
F  ■  SLA-500/30 
G  B  LOM-1015 
H  □  LOM-2030 
I  ■  DSPC-1 
J  □  FDM-1500 
K  B3D  Modeler 
L  B  Solider  4600 
M  ID  Solider  5600 
N  BSPL-1000 
O  ■  Stereos  300 
P  □  Stereos  400 
Q  □  Stereos  600 
R  BSOUP  600 

s  nscs-iooo 

T  □  JSC-2000 
U  □  JSC-3000 
V  ■Soliform-300 
W  O  Soliform-500 
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Figure  3.  —  Annual  maintenance  costs. 

Training  Duration  and  Costs 

Some  of  these  rapid  prototyping  systems  have  varying  degrees  of  complexity  that  impact  the  time 
required  to  understand  and  efficiently  operate  the  systems.  Figure  4  shows  the  training  time 
required  to  operate  the  systems.  While  a  majority  of  the  companies  provide  training  at  no 
additional  cost,  figure  5  shows  which  companies  require  additional  fees. 


Training  Duration 


Soligen 


Cubital 


Teijin  Seiki 


Stratasys> 


A  eSLA-1 90/20 
B  HSLA-250/30 
C  nSLA-250/40 
D  DSLA-400 
E  QSLA-500/20 
I  ■SLA-500/30 
G  ULOM-1015 
H  DLOM-2030 
I  BDSPC-1 
J  DFDM-1500 


L  OSolider  4600 
M  nSolider  5600 


IJ  KLMNOPQRS 


O  ■  Stereos  300 
P  □  Stereos  400 
Q  □  Stereos  600 
R  BSOUP600 
S  DSCS-1000 
T  □  JSC-2000 

u  a  JSC-3000 

V  ■Soltform-300 
W  nSolitorm-SOO 


Figure  4.  -•  Time  required  for  training  in  days. 


Training  Cost 


D-MEC 


Helisys 


C-MET 


R  S  T  U 


A  OSLA-1 90/20 
B  ■SLA-250/30 
C  □SLA-250/40 
n  DSLA-400 
t:  DSLA-50CV20 
I  ■  SLA-500/30 
G  OLOM-1015 
H  DLOM-2030 
t  UDSPC-1 
J  DFDM-1500 
K  B3D  Modeler 
L.  OSolider  4600 
M  DSolider  5600 
N  0SPL-1OOO 
O  ■  Stereos  300 
P  □  Stereos  400 
0  D  Stereos  600 
R  DSOUP600 
S  DSCS-1 000 
T  □  JSC-2000 
U  □  JSC-3000 
V  BSoliform-300 
V,’  DSoliform-500 


Figure  5.  --  Companies  requiring  additional  fees  for  training. 
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System  Capacities  and  Limitations  to  Feature  Sizes 

The  decision  to  purchase  a  particular  model  of  a  rapid  prototyping  system  is  often  based  on  the 
size  of  parts  it  is  capable  of  fabricating.  Other  factors  that  impact  this  decision  are  the  capabilities 
to  produce  small  internal  feature  sizes  such  as  slots  and  holes,  and  fins  or  ribs  for  external 
features.  Table  4  shows  the  various  capacities  and  limitations  to  feature  sizes  for  the  different 
rapid  prototyping  machines.  Figure  6  shows  a  chart  of  the  maximum  part  building  capacity  in 
cubic  centimeters. 
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Figure  6.  —  Maximum  part  building  capacity. 

Accuracy  Issues 

Accuracy  is  another  key  factor  in  deciding  which  rapid  prototyping  system  to  purchase. 
Experience  has  shown  that  the  accuracy  attainable  in  a  particular  part  is  often  a  function  of  its 
geometry.  As  can  be  expected,  relatively  small  prismatic  parts  can  be  fabricated  to  a  higher 
degree  of  accuracy  than  relatively  large  flimsy  parts.  The  information  on  accuracy  capabilities  of 
the  various  rapid  prototyping  systems  and  models  was  provided  by  the  manufacturers  of  the  rapid 
prototyping  equipment. 

In  the  charts  that  follow  on  accuracy,  keep  in  mind  that  the  questionnaire  requested  "realistic 
accuracy  expectations"  on  parts.  The  questionnaire  listed  a  series  of  cubes  ranging  in  sizes  from 
small  ,5-inch,  (1.27  cm)  to  large,  40-inches,  (lm).  Please  note  that  the  accuracies  listed  are 
"claimed"  accuracies  and  are  not  related  to  the  IMS  test  parts.  Also  note  that  the  accuracy  values 
are  depicted  in  mm. 

Figure  7  shows  the  accuracy  expected  to  be  achievable  for  a  .5-inch  (1.27  cm)  cube  part.  Figure 
8  shows  the  accuracy  expected  to  be  achievable  for  a  10-inch  (25.4  cm)  cube  part.  Note  that 
some  companies  did  not  provide  accuracy  values. 
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Table  4  -  Listing  of  systems  and  their  associated  capacities  for  size  and  limits  on  feature  size,  etc. 


Accuracy  Expectations 
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Figure  7.  —  Accuracy  expectations  for  a  theoretical  part  measuring  .500  inch  cube  or  12.7 
mm  cube. 
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Figure  8.  --  Accuracy  expectations  for  a  theoretical  part  measuring  10  inch  cube  or  254  mm 
cube. 

Specific  Part  Building  Issues  for  Processing  the  IMS  Test  Parts: 

Pre-Processing  Times 

There  are  typically  three  phases  to  processing  rapid  prototype  parts:  1)  pre-processing,  2) 
building,  and  3)  post  processing.  During  the  pre-processing  phase,  the  computer  model,  usually 
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rendered  in  a  3-dimcnsional  tessellated  or  faceted  file  format  called  a  "STL  file"  from  the 
originating  CAD  system,  is  read  into  the  rapid  prototyping  device  and  reduced  to  very  thin  2- 
dimensional  sliced  layers.  These  sliced  layers  are  then  used  during  the  next  "build"  phase. 

The  following  charts  identify  the  " actual "  pre-processing,  building  and  post  processing  times 
required  to  fabricate  the  IMS-T2  test  part.  The  time  listed  is  in  hours  and  the  numbers  on  top  of 
the  columns  indicate  the  number  of  parts  processed  in  the  given  time.  Figure  9  shows  the  actual 
pre-processing  time.  Note  that  all  of  the  participating  companies  processed  the  IMS-T2  test  part 
with  the  exception  of  Soligen.  Pratt  &  Whitney  processed  a  ceramic  shell  (mold)  of  the  IMS-T1 
test  part  at  1/2  scale  on  their  Soligen  "alpha"  machine  for  Soligen.  Also  note  that  the  C-MET 
time  is  long  because  of  problems  experienced  at  Mercedes  Benz  in  processing  the  STL  files. 
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Pre-Processing  Times  for  Number 
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Figure  9.  -  Actual  pre-processing  time  for  the  IMS-T2  test  part  with  the  numbers  of  parts 
processed  indicated  on  the  columns. 

Part  Building  Times 

Building  time  is  the  time  required  to  physically  fabricate  the  part  in  the  rapid  prototyping  system 
from  the  sliced  data  generated  by  pre-processing.  In  should  be  noted  that  in  addition  to  building 
the  part,  additional  structures  such  as  supports  may  be  required  to  support  cantilevered  features 
or  "islands,"  which  arc  later  removed  in  the  post  processing  phase. 

Most  of  the  systems  including:  3D  Systems  (Stereolithography  SLA),  Laser  3D  Stereophoto¬ 
lithography);  Electro  Optical  Systems  (EOS);  C-MET  (Solid  Object  Ultraviolet  Plotter  -  SOUP); 
D-MEC  (Solid  Creation  System,  SCS);  and  Teijin  Seiki  (Soliform),  produce  parts  using  the 
computer  controlled  light  from  a  laser  to  "draw"  the  outline  of  each  sliced  layer  onto  a  vat  of 
liquid  photopolymer,  thus  causing  a  chemical  reaction  in  the  liquid  photopolymer  resin  to  change 
it  to  a  solid  wherever  touched  by  the  light,  thus  producing  parts  in  photopolymer  plastics. 
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The  Cubital  process  also  uses  photopolymer  plastic,  but  uses  an  ultraviolet  flood  lamp  as  the  light 
source  and  a  computer  generated  mask  to  localize  the  light  where  it's  required.  The  Cubital 
process  also  includes  a  machining  step  to  mill  each  layer  flat,  and  uses  a  layer  of  wax  as  a  support 
material  for  each  layer,  thus  eliminating  the  need  for  additional  support  structures. 

Helisys  uses  the  heat  from  a  laser  to  cut  layers  of  paper  in  their  Laminated  Object  Manufacturing 
(LOM)  process,  thus  producing  paper  parts  that  look  like  wooden  parts.  Because  each  layer  is 
fully  supported,  no  additional  support  structures  are  required. 

Soligen  incorporates  a  jetting  technology  to  "print"  a  liquid  binder  on  a  ceramic  powder  bed  in 
successive  layers  to  produce  ceramic  shells  or  molds  for  the  investment  casting  of  metal  parts. 

The  Soligen  process  is  called  Direct  Shell  Production  Casting  (DSPC). 

Stratasys  uses  a  heated  nozzle  to  extrude  a  thermoplastic  material  in  a  layer  by  layer  succession. 
This  process  lends  itself  to  the  use  of  a  variety  of  materials,  but  also  requires  additional  supports. 

Figure  10  shows  the  actual  building  times  required  to  fabricate  the  IMS-T2  test  parts.  Note  that 
the  wide  variation  can  be  due  to  the  number  of  parts  fabricated. 
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Figure  10.  —  Actual  building  time  for  the  IMS-T2  test  part  with  the  numbers  of  parts 
processed  indicated  on  the  columns. 

Post  Processing  Times 

The  parts  are  removed  from  the  rapid  prototyping  device  and  processed  further  during  this  phase. 
Typically,  this  includes  the  removal  of  supports  that  were  required  during  the  building  of  the 
parts,  and  can  also  include  further  curing,  cleaning  and  perhaps  hand  finishing  and  polishing. 
Figure  1 1  shows  the  required  post  processing  time  to  further  cure  and/or  clean  the  parts  after 
fabrication.  As  shown  in  figure  1 1,  Cubital  required  more  time  then  the  others  because  of  the 
need  to  wash  away  the  suporting  wax  that  is  used  in  their  process. 
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Post  processing  times  for  Number 

of  Parts  Processed 


Figure  11.  --  Actual  post  processing  time  for  the  IMS-T2  test  part  with  the  numbers  of  parts 
processed  indicated  on  the  columns. 


Total  Time  to  Fabricate  the  IMS  Test  Parts 

Figure  12  shows  the  actual  total  time  required  to  fabricate  the  test  parts. 
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Figure  12.  —  Actual  total  time  for  the  IMS-T2  test  part  with  the  numbers  of  parts  processed 
indicated  on  the  columns. 
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Total  Time  for  Number 


As  highlighted  in  figure  13,  which  captures  all  of  the  times  required  for  the  fabrication  of  the 
IMS-T2  test  parts,  the  majority  of  time  is  required  during  the  building  phase. 
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Figure  13.  -  Actual  pre-processing,  building,  post  processing  and  total  times  for  the  IMS-T2 
test  parts. 


Materials  for  Rapid  Prototyping  Systems: 

The  development  of  a  variety  of  improved  materials  for  rapid  prototyping  systems  is  one  of  the 
most  significant  issues  to  impact  the  applications  of  prototype  parts  and  tooling.  The 
improvements  have  led  to  increased  accuracy  and  surface  finish,  which  in  turn  can  be  applied  to 
tooling  applications  in  the  form  of  molds  and  fixtures,  or  for  conversion  to  make  metal  castings. 
Because  some  rapid  prototyping  systems  can  use  a  variety  of  materials,  the  opportunity  to  build 
parts  that  meet  the  end  product  material  requirements  is  getting  closer  to  being  a  reality.  Table  5 
shows  the  variety  of  materials  currently  available  with  their  respective  unit  costs. 
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Materia!  Description 

Cost  per  unit 

3D  Systems  Inc. 

XB  5081-1  Photopolymer  resins 

$  1 45  per  kg 

XB  5139 

$150  per  kg 

XB  5143 

$  1 60  per  kg 

XB  5149 

$165  per  kg 

XB  5131 

$  1 40  per  kg 

XB  5154 

$145  per  kg 

XB  5170  (epoxy) 

$170  per  kg 

Paper  coated  with  Polyethylene 

$2-3  per  pound 

Soligen  Inc. 

Ceramic  Powder 

$10  per  Pound 

Liquid  Binder 

$100  per  Gallon 

Stratasys  Inc. 

Machinable  wax  (MW01) 

$175  per  spool 

Investment  casting  wax  (ICW04) 

$175  per  spool 

Polyolefin  (P200) 

$260  per  spool 

Polyamide  (P300) 

$260  per  spool 

Cubital  Ltd. 

General  purpose  resin  (G5601) 

$65  per  kg 

Laser  3D 

Dupont  5100  Photopolymer 

$138  per  kg 

EOS  GmbH 

Dupont  SOMOS  2100/3100/5100 

$  1 25  per  kg 

C-MET 

Hard  photopolymer  HS  660 

-  cost  not  provided 

Semi  rubber  HS  661 

- 

Rubber  HS  662 

- 

D-MEC  Ltd. 

SCR- 100  Urethane  acrylate 

$  1 50  per  kg 

SCR-200 

$150  per  kg 

SCR-300 

$  1 50  per  kg 

SCR-400 

$  1 50  per  kg 

SCR-500 

$250  per  kg  -  SCS-1000  only 

Teijin  Seiki  Co. 

SOMOS  2100 

$190  per  kg 

SOMOS  3100 

$  1 90  per  kg 

Table  5.--  Listing  of  materials  currently  available  for  rapid  prototyping. 


University-led  Rapid  Prototyping  Developments: 

There  arc  three  prominent  university-led  programs  in  the  area  of  rapid  prototyping:  Carnegie 
Mellon  University,  Massachusetts  Institute  of  Technology  (MIT)  and  the  University  of  Texas. 
Each  of  these  universities  were  charged  with  the  challenge  to  fabricate  copies  of  the  IMS  test 
parts  using  their  technologies.  The  final  3  photographs  in  Appendix  A  show  the  IMS  parts  that 
were  produced  by  these  university  developed  technologies.  . 

Carnegie  Mellon  University  -  Shape  Deposition 

CMU  is  developing  a  "Shape  Deposition"  layered  manufacturing  process/system  which  combines 
the  benefits  of  solid  freeform  fabrication,  CNC  milling,  and  thermal  deposition.  The  strategy  is  to 
first  slice  the  CAD  model  of  the  shape  to  be  fabricated  into  layers  and  then  deposit  it  as  a  near-net 
shape  using  thermal  spray  and/or  molten  droplet  deposition.  The  layer  is  then  shaped  with  a  5- 
axis  CNC  milling  machine  to  net  shape  before  proceeding  with  the  next  layer.  In  addition,  each 
layer  is  shot-pcened  to  control  internal  stress  buildup. 
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An  automated  testbed  facility  has  been  implemented  and  a  CAD-based  process  planner/controller 
has  been  developed  for  investigating  the  Shape  Deposition  manufacturing  paradigm.  This  testbed 
configuration  consists  of  four  processing  stations;  CNC  milling,  thermal  deposition,  grit 
blasting/shot  peening,  and  cleaning.  The  parts  are  built  on  pallets  which  are  transferred  from 
station-to-station  using  a  robotic  palletizing  system.  Each  station  has  a  pallet  receiver  mechanism. 
The  part  transfer  robot  places  the  pallet  on  the  receiver  which  locates  and  clamps  the  pallet  in 
place. 

Carnegie  Mellon  University  used  their  Shape  Deposition  process  to  make  a  Zinc  alloy  copy  of 
IMS-T1.  The  part  produced  demonstrates  that  the  technology  is  capable  of  fabricating  metal 
parts  directly;  however,  there  is  evidence  of  delamination.  See  Appendix  A. 

MIT  -  3D  Printing 

The  3D  Printing  process  under  development  at  MIT  creates  parts  in  layers  by  spreading  powder 
materials  on  a  build  platform  and  selectively  joining  the  powder  in  the  layer  by  inkjet  printing  a 
binder  material.  The  platform  lowers  and  the  process  is  repeated.  The  process  is  being  applied  to 
the  fabrication  of  expendable  molds  such  as  ceramic  molds  for  castings,  re-usable  dies  such  as  dies 
for  injection  molding  and  end-use  parts  such  as  structural  metal  and  ceramic  parts. 

MIT  made  several  copies  of  the  IMS-T2  test  parts  in  a  ceramic  material  using  their  3D  Printing 
process,  and  also  made  several  ceramic  molds  of  the  IMS-T1  test  part.  These  molds  were  then 
used  at  Cercast  to  mold  molten  aluminum,  thus  producing  aluminum  test  parts  via  a  conversion 
process.  The  initial  trials  in  making  aluminum  castings  resulted  in  some  "unfilled"  areas  that  can 
be  attributed  to  air  pockets  and/or  mold  temperatures  being  too  cold  causing  the  metal  to  freeze 
prematurely. 

University  of  Texas  -  Selective  Laser  Sintering: 

The  University  of  Texas  used  their  selective  laser  sintering  process  to  fabricate  copper-polymer 
copies  of  IMS-T1  test  parts.  These  parts  were  then  baked  and  infiltrated  with  an  epoxy  material 
for  improved  density.  Although  the  sintered  test  parts  show  signs  of  warping  and  "curl,"  they  also 
demonstrate  that  the  technology  has  great  potential  to  fabricate  metal  parts  directly. 

The  results  from  these  university  led  efforts  provide  an  excellent  opportunity  to  assess  the 
leading-edge  capabilities  of  these  emerging  technologies.  Although  further  development  is 
indicated,  they  have  all  demonstrated  that  metal  parts-making  directly  from  a  computer  model  in  a 
layer-by-layer  process  is  going  to  be  one  of  the  leading  approaches  of  advanced  manufacturing. 


Discussion: 

The  rapid  prototyping  market  had  evolved  from  one  system  availability  in  1988,  to  over  30 
systems  today.  These  systems  provide  part  building  capabilities  in  a  variety  of  sizes  and 
materials.  At  first  glance,  the  casual  observer  is  easily  overcome  by  the  confusion  of  claims  that 
these  rapid  prototyping  developers  make  in  marketing  their  systems.  To  date,  there  are  primarily 
two  types  of  enterprises  that  have  invested  in  acquiring  these  rapid  prototyping  devices:  medium 
to  large  corporations  and  service  bureaus. 
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The  medium  to  large  corporations  have  maintained  a  lead  in  applying  these  rapid  prototyping 
technologies  to  their  product  development  processes.  During  the  initial  stages  of  using  these  new 
technologies,  a  fair  amount  of  experimentation  has  occurred  to  find  the  best  fit  for  these 
technologies.  The  service  bureaus  on  the  other  hand  have  facilitated  and  promoted  these 
technologies  to  meet  the  needs  of  a  wide  variety  of  industries  from  aerospace  and  automotive  to 
bio-medical,  healthcare  and  architectural.  Further,  there  has  been  a  growing  propensity  to  apply 
these  technologies  to  manufacturing  and  tooling  applications. 

During  the  past  few  years,  a  differentiation  of  these  rapid  prototyping  technologies  has  evolved. 

In  much  the  same  way  a  typical  home  owner  has  a  variety  of  tools  for  the  various  seasons,  e.g., 
gardening  and  lawncare  tools  for  the  spring  and  summer,  rakes  for  the  cleanup  of  leaves  in  the 
fall,  and  snow  removal  tools  during  the  winter  months,  today's  industries  are  discovering  where 
rapid  prototyping  technologies  have  niche  applications.  The  rapid  prototyping  devices  that  are 
less  expensive  arc  also  typically  less  accurate,  perhaps  not  as  fast  (lower  through-put)  and  build 
smaller  parts.  The  more  expensive  equipment  is  typically  more  accurate,  is  faster  and  has  greater 
through-put,  and  has  larger  part  building  capacities.  The  leading  commercial  enterprises  that  have 
successfully  applied  these  rapid  prototyping  technologies  can  categorize  the  utility  of  rapid 
prototyping  technologies  in  the  following  applications: 

1.  Design  verification:  The  process  of  using  rapid  prototyping  to  fabricate  the  first  physical 
object  in  order  to  verify  the  designer's  intent.  Design  flaws  often  go  undetected  until  the  first 
article  is  produced.  Using  traditional  approaches  to  prototyping  means  that  part  drawings, 
fixtures  and  tools  were  designed  and  the  parts  were  then  manufactured,  days,  weeks  or 
months  after  the  design  was  completed  only  to  discover  a  design  flaw  when  the  first  article 
was  produced.  With  rapid  prototyping,  these  design  flaws  can  be  detected  very  early  in  the 
design  process  without  the  investment  of  time  and  costs  in  drawings,  fixtures  and  tools.  This 
application  simply  requires  a  mock-up  of  the  part  with  minimal  concern  for  accuracy. 

2.  Manufacturing  producibility  and  supplier  quoting:  Competition  is  driving  the 
manufacturing  of  parts  to  be  faster,  have  higher  quality,  and  be  lower  in  cost.  When 
manufacturing  can  have  a  "say"  early  in  the  design  cycle,  they  can  provide  their  input  to 
making  the  parts  easier  and  at  less  cost.  This  insight  can  lead  to  significant  advantages  in  the 
product  development  life  cycle  in  reducing  time  to  market  and  lowering  costs.  Further,  when 
suppliers  must  quote  time  and  cost  to  fabricate  complex  parts  from  drawings,  they  typically 
provide  additional  "padding"  to  cushion  their  quotes  for  unforeseen  problems.  However, 
when  a  physical  article  is  provided  along  with  the  drawings  for  a  quote,  the  supplier  can  get 
the  "right"  mix  of  people  resources  to  review  the  part  and  drawing  to  derive  a  better,  more 
time  and  cost  effective  quote.  This  application  also  simply  requires  a  mock-up  of  the  part 
with  minimal  concern  for  accuracy. 

3.  Conversion  technologies:  When  a  physical  article  is  required  that  has  the  same  physical  and 
mechanical  properties  as  the  final  part,  a  variety  of  conversion  technologies  can  be  employed 
to  convert  the  rapid  prototype  article  into  a  "final"  article.  Typically  a  rapid  prototype  model 
is  processes  and  hand  finished  to  be  used  as  a  "master"  in  a  cloning  operation  such  as  RTV  or 
silicone  tooling,  epoxy  tooling,  etc.,  where  either  the  final  plastic  material  is  injected  into  the 
tool,  or  a  wax  is  injected  into  the  tools  and  used  in  the  "lost  wax"  or  investment  casting 
process  to  produce  a  metal  part  in  a  variety  of  ferrous  and  non-ferrous  metals.  This 
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application  requires  a  part  that  is  more  dimensionally  accurate  and  has  better  surface  finish 
characteristics  than  the  previous  applications. 

4.  Tooling:  A  growing  application  of  rapid  prototyping  is  to  use  the  prototype  article  as  a  tool 
or  fixture  for  the  fabrication  of  a  the  final  parts,  e.g.,  making  a  rapid  prototype  mold,  or  a 
holding  fixture  for  the  machining  or  inspection  of  the  final  part.  This  application  also  requires 
a  part  that  is  more  dimensionally  accurate  and  has  better  surface  finish  characteristics  than  the 
previous  applications. 

Clearly,  the  most  valuable  outcome  of  this  assessment  is  to  actually  see  the  IMS  T2  test  parts  that 
were  produced  in  this  effort.  The  display  of  these  parts  provides  the  viewer  with  an  appreciation 
for  the  variety  of  materials  and  surface  characteristics  that  each  of  these  different  rapid 
prototyping  technologies  possess.  See  Appendix  A  for  photos  of  these  IMS  test  parts. 


Conclusions: 

The  rapid  prototyping  industry  has  been  evolving  at  a  fast  pace  since  1 987  when  the  first 
Stereolithography  SLA-1  System  from  3D  Systems  was  introduced.  During  these  past  5  years, 
significant  improvements  have  been  realized  in  stereolithography  and  other  rapid  prototyping 
systems  in  accuracy,  surface  finish  and  in  application  development.  This  proliferation  of  emerging 
rapid  prototyping  systems  has,  to  some  degree,  created  some  confusion  in  the  market  place.  With 
so  many  different  systems  available,  it  is  difficult  for  potential  customers  and  users  to  differentiate 
among  the  variety  of  systems.  However,  with  time  and  users'  experience,  the  analysis  of  this 
assessment  clearly  points  to  several  conclusions: 

•  The  less  expensive  rapid  prototyping  systems  are  an  excellent  choice  for  design  verification 
applications  that  require  parts  of  minimal  dimensional  accuracy  or  scaled  sizes.  These  include 
parts  that  may  be  sub  scale  or  oversize  that  are  used  to  verify  the  designers  intent. 

•  These  less  expensive  systems  can  also  be  used  for  manufacturing  producibility  studies  to  get  a 
"reality  check"  on  the  design  from  a  manufacturing  point  of  view. 

•  The  systems  that  provide  greater  accuracy  are  the  choice  for  fabricating  "masters"  and  or 
"patterns"  for  conversion  technologies  such  as  investment  casting  and  injection  molding 
tooling. 

•  Tooling  applications  require  "parts"  that  meet  physical  property  and  accuracy  needs  beyond 
the  capabilities  of  design  verification  parts.  These  applications  require  stiffness  and  other 
characteristics  to  maintain  utility  for  typical  manufacturing  applications.  Examples  include 
holding  fixtures  for  manufacturing  and  inspection,  and  dies  and  mold  halves  for  both  direct 
and  indirect  conversion  to  metal. 

•  A  host  of  yet-to-be  discovered  applications  in  a  variety  of  industries  surely  exist.  The  users 
that  are  willing  to  take  the  "road  less  traveled"  stand  to  gain  much  from  using  and  deploying 
these  technologies  within  their  enterprises. 

In  summary,  the  tables,  figures,  charts  and  the  actual  IMS  test  parts  provide  a  wide  array  of 
information  that  can  be  used  to  draw  a  number  of  conclusions.  It  is  interesting  to  note  that  all  of 
these  different  rapid  prototyping  developers  are  continually  improving  their  capabilities.  Some  of 
these  improvements  in  accuracy  and  surface  finish  are  providing  a  dramatic  impact  in  reducing 
product  development  cycle  times  and  costs.  Future  enhancements  to  these  systems  will  lead  to 
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even  more  savings  by  expanding  the  use  and  application  of  the  parts  produced  by  these  systems 
Clearly,  the  industries  that  can  effectively  use  and  deploy  these  rapid  prototyping  technologies  for 
their  product  lines  will  have  the  competitive  advantage.  The  industries  that  are  currently  using 
these  rapid  prototyping  technologies  fully  appreciate  the  benefits  of  "prototyping  early  and 
prototyping  often." 
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The  photos  on  the  following  pages  show  the  parts  produced  by  the  companies  and  universities 
that  participated  in  the  IMS  Rapid  Product  Development  test  case: 

Company  Material  &  Description 


3D  Systems 
Helisys  Inc. 
Soligen  Inc. 
Stratasys,  Inc 
Cubital  Ltd. 
EOS  GmbH 
C-MET 
D-MEC 
Teijin  Seiki 


Photopolymer  IMS-T2  test  part  measuring  6”  by  4” 
Paper 

Ceramic  mold  for  half-scale  IMS-T1  test  part 

Polyolefin  P200 IMS-T2  test  part  measuring  6”  by  4” 

Photopolymer 

Photopolymer 

Photopolymer 


Photopolymer 


Photopolymer 


University  Material  &  Description 

Carnegie  Mellon  University  Zinc  alloy  half-scale  IMS-T1  test  part 
MIT  Ceramic  3/4-scale  of  IMS-T2  test  part 

MIT  Ceramic  mold  and  Aluminum  casting  of  half-scale  IMS-T1 

University  of  Texas  Copper-polymer  half-scale  IMS-T1  test  part 
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Benchmarking  of  Rapid  Prototyping  Systems  -  Beginning  to  Set  Standards 

Dureen  Jayaram,  Amit  Bagchi,  C.C.  Jara-Almonte,  Clemson  University 
Sean  O'Reilly,  Ford  Motor  Company 

Abstract 


Many  rapid  prototyping  (RP)  technologies  are  available  today  and  more  are  being  developed 
around  the  world.  The  absence  of  benchmarking  standards  in  the  RP  industry  has  led 
manufacturers  to  use  their  own  standards  and  make  claims  about  superior  performance.  The  need 
for  testing  standards  is  already  felt;  standardization  will  become  imperative  in  the  near  future.  The 
present  work  aims  to  lay  the  groundwork  for  the  development  of  standards  to  measure  various 
performance  factors.  Issues  such  as  appearance  and  finish  are  studied  qualitatively;  the  test  part 
and  some  findings  are  presented.  Issues  such  as  repeatability,  warpage,  curl,  creep,  shrinkage  and 
tensile  strength  are  proposed  to  be  studied  quantitatively;  test  parts  designed  for  studying  these  are 
described.  Benchmarking  standards  will  help  users  choose  proper  systems  for  their  applications 
and  help  operators  in  monitoring  machine  performance,  enabling  better  control  over  part  building. 

1.  Introduction 

Today's  various  rapid  prototyping  (RP)  systems  have  significant  differences  with  respect  to 
their  operation  and  the  materials  they  use.  Experimental  evidence  shows  that  there  are  different 
factors  which  determine  the  geometries  that  build  better  on  each  process,  the  speed  of  building,  the 
finish  and  strength  of  the  parts  and  the  accuracy  and  functionality  of  the  parts.  The  materials  that 
offer  advantages  in  certain  applications  may  not  be  suitable  for  others.  The  results  are  also 
influenced  by  the  expertise  of  the  operators.  The  effect  of  some  of  these  factors  is  known  and  that 
of  others  is  not.  Figure  1  shows  a  few  of  the  factors  which  affect  part  characteristics. 

First  time  buyers  and  users  often  do  not  understand  which  system  suits  their  requirements 
best.  Even  machine  operators  usually  possess  knowledge  about  one  process  only.  How  can  a 
first  time  user,  or  a  person  with  limited  experience,  go  about  choosing  the  process  that  is  best 
suited  for  his/her  requirements?  To  answer  the  many  questions  a  potential  buyer/user  faces,  the 
obvious  course  of  action  would  be  to  compare  the  various  processes  by  studying  data  on  their 
performance.  However,  there  are  no  benchmarking  standards  in  the  RP  industry  at  the  present 
time. 

This  paper  will  address  the  establishing  of  systematic  benchmarking  procedures  which  may  be 
used  to  generate  useful  data  on  some  important  material  and  process  characteristics  ofRP  systems. 

Qualitative  issues  such  as  appearance,  form  and  feel  will  be  important  to  users  with  'touch- 
feel'  applications  such  as  design  reviews  and  marketing  campaigns.  The  test  part  designed  to 
study  these  will  be  described  here.  Some  observations  about  test  parts  built  with  four  RP 
technologies,  namely,  stereolithography  (SL),  selective  laser  sintering  (SLS),  laminated  object 
manufacturing  (LOM)  and  fused  deposition  modeling  (FDM),  will  be  presented. 

In  investment  casting  and  functional  testing,  for  example,  the  dimensional  accuracy,  build 
defects  such  as  curl  and  warpage,  and  the  strength  of  the  parts  will  be  important.  Test  parts  have 
been  designed  for  measuring  repeatability,  curl,  warpage,  creep,  shrinkage  and  tensile  strength. 
Detailed  measurement  plans  for  collecting  useful  data  are  still  being  developed;  the  design  and 
results  of  these  experiments  will  be  presented  at  a  later  date. 

It  is  important  to  stress  that  both  the  qualitative  and  quantitative  results  will  indicate  the 
combined  capability  of  each  process  and  the  corresponding  material,  together  with  the  skill  of  the 
operator(s).  The  long  term  goal  of  this  project  is  to  be  able  to  understand  the  effects  of 
process_related,  material_related  and  operator_related  factors  and  develop  a  methodology  to  study 
them  separately. 
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2.  Previous  Benchmarking  Studies 


An  extensive  survey  of  literature,  combined  with  information  from  manufacturers,  users  and 
service  bureaus  turned  up  three  benchmarking  studies  whose  results  have  been  published.  Only 
two  companies,  3D  Systems  Inc.  and  DTM  Corporation,  publish/furnish  information  on  their  test 
parts.  These  companies  use  completely  different  parts  for  measuring  dimensional  accuracy.  3D 
Systems  is  the  only  company  to  have  designed  tests  for  studying  different  part  and  process 
characteristics. 

Chrysler's  Jeep  and  Truck  Engineering  conducted  a  benchmark  study  [2]  in  order  to  decide 
which  system  to  invest  in.  A  finely  detailed  speedometer  adaptor  1.5”xl.5”x3”  in  size,  shown  in 
Figure  2,  was  built  on  six  different  systems;  3D  Systems'  SLA  250  and  SLA  500,  DTM 
Corporation's  SLS  2000,  Helisys'  LOM  1015,  Cubital's  Solider  5000  and  Stratasys'  3D 
Modeller.  Since  Chrysler  owned  only  the  SLA  250,  they  sent  the  part's  STL  file  to  all  the 
manufacturers.  For  Chrysler,  system  speed  and  cost  were  the  most  important  factors  and  were 
studied  in  detail.  Cost  was  detailed  under  material,  operation,  pre  and  post  processing,  depreciation 
and  maintenance.  The  time  study  included  pre-processing,  build  and  post-processing  time  on  each 
system.  Accuracy  was  not  studied  in  detail,  parts  were  simply  measured  to  ensure  that  they  were 
within  specifications.  Nor  did  Chrysler  study  the  strength  or  surface  finish  of  the  parts. 

In  1994,  Chrysler  sent  the  same  part  to  RP  manufacturers  worldwide  [4],  The  formula  for 
cost  comparison  was  updated  but  the  objective  to  assist  users  or  purchasers  of  RP  equipment  in 
selecting  the  fastest  and/or  cheapest  system  remained  the  same.  The  study  concluded  that  there  are 
no  set  rules  to  choose  any  one  RP  system  over  others.  It  is  recommended  that  each  company 
review  factors  like  end  use  of  models,  urgency  of  turn  around  time,  availability  of  capital  and 
trained  personnel  and  location  of  equipment  before  selecting  any  technology. 

Aubin  [3]  documents  a  study  of  RP  technologies  from  all  over  the  world.  The  report  lists 
system,  maintenance  and  training  costs,  build  volumes  and  expected  accuracies.  Technical 
capabilities  of  available  systems  were  characterized  and  technologies  under  development  were 
reviewed.  A  benchmark  study  was  carried  out  using  the  Intelligent  Manufacturing  Systems  (IMS) 
part  shown  in  Figure  3.  4  parts  were  sought  from  each  company,  fabricated  from  an  STL  file.  The 
participants  were  allowed  to  build  a  maximum  of  6  parts  and  present  the  best  4,  indicating  how 
many  they  had  built.  However,  information  on  the  measurements  obtained  from  the  parts  is 
proprietary  and  is  not  available.  The  comparison  of  the  pre-processing,  building  and  post¬ 
processing  times  indicates  that  the  processes  studied  compare  differently  in  these  areas. 

Van  Putte  [1]  describes  a  study  conducted  by  Eastman  Kodak  to  study  the  capability  of  five 
RP  processes  to  faithfully  reproduce  features  on  a  test  part.  The  part,  shown  in  Figure  4,  was 
originally  designed  to  see  how  various  computer-aided  design  (CAD)  /  computer-aided 
manufacturing  (CAM)  packages  could  design,  alter,  analyze  and  machine  typical  Kodak 
components. 

Part  drawings  were  made  on  Pro-Engineer  and  Aries.  The  STL  files  were  sent  to  the  service 
bureaus  of  five  companies:  3D  Systems,  DTM,  Cubital,  DuPont  and  Helisys.  The  parts  were 
measured  using  a  coordinate  measuring  machine  (CMM),  vernier  calipers  and  an  optical 
comparitor.  Sixteen  X- Y  and  four  Z  measurements  were  taken  on  each  part. 

Subtracting  the  CAD  dimensions  from  the  measured  ones  gave  a  set  of  data  for  each  part. 
Using  a  statistical  software  package,  the  data  was  analyzed  in  2  sets,  one  for  the  X-Y  plane  and  the 
other  for  the  Z-plane,  to  determine  the  capability  of  each  process  to  replicate  the  original  CAD 
model.  A  shrinkage  correction  factor  was  applied  by  changing  the  limits  for  the  capability  analysis 
in  such  a  way  as  to  maximize  the  performance  of  each  part.  A  'WAR-PAGE'  chart  designed  by 
Cubital  was  used  to  subjectively  assign  a  warpage  value  to  the  base  of  each  part  by  comparing  it  to 
the  lines  on  the  chart. 

Van  Putte  himself  voices  many  concerns  about  the  study.  Only  one  part  was  built  by  each 
process.  The  test  part  design  consisted  of  features  important  to  Kodak  and  may  have  been  more 
favorable  to  some  processes  than  to  others.  The  same  software  was  not  used  to  generate  part 
drawings.  All  these  factors  limit  the  usefulness  of  the  results  to  other  users  who  are  looking  for 
benchmarking  data. 
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While  the  Chrysler  and  Kodak  studies  are  interesting,  they  are  primarily  of  use  only  to 
themselves  and  the  data  is  of  little  use  to  other  users  of  these  RP  systems  whose  typical  parts  may 
be  significantly  different,  as  also  the  factors  critical  to  their  applications.  The  objective  of  the 
present  study  is  to  fill  this  gap  by  designing  experiments  which  can  be  used  to  systematically 
compare  RP  systems. 

A  group  of  European  companies  has  also  conducted  a  benchmark  study  [8],  A  test  part 
containing  thin  walls,  tapers,  slots,  holes  and  free  form  surfaces  was  designed  and  built  by  12 
vendors.  The  results  are  available  but  have  not  been  reviewed  by  the  authors  at  this  time. 

3.  Qualitative  Issues 

A  simple  test  part  (shown  in  Figure  5)  which  contains  only  cylinders,  cones  and  prismatic 
boxes,  was  designed.  Each  part  has  four  cylinders,  tilted  at  0,  30,  60  and  90  degrees  from  the 
vertical  axis.  These  were  used  to  study  the  effect  of  tilting  features.  A  stepped  cone  with  four 
sections  of  different  cone  angles  was  used  to  study  stair-stepping.  The  prismatic  boxes  were  used 
to  study  straightness  and  parallelism  of  edges  and  warpage  of  flat  surfaces. 

Parts  were  built  with  6  materials  on  the  4  systems  mentioned  in  section  1.  A  study  of  the  parts 
and  processes,  combined  with  technical  discussions  with  machine  operators  [5,6,7],  provided  an 
insight  into  various  pre-processing,  building  and  post-processing  issues.  Such  understanding  is 
essential  in  developing  benchmarking  standards. 

3.1  Pre-Processing  Issues 

Part  building  is  affected  by  the  inherent  errors  in  converting  data  from  a  CAD  file  to  a  format 
acceptable  by  an  RP  system.  Any  benchmarking  process  will  have  to  ensure  that  the  same  CAD 
software  and  file  format  are  used.  However,  this  still  does  not  rule  out  differences  in 
interpretation  of  the  accepted  format  by  the  system  software. 

Build  layouts  for  this  study  were  created  as  assemblies  on  Aries  by  using  multiple  copies  of 
the  test  part.  This  created  a  concatenation  of  STL  files  for  each  assembly,  which  the  SLS  and 
LOM  software  found  hard  to  read  [6],  Also,  in  one  instance,  the  FDM  software  read  one  cylinder 
as  being  separate  from  the  rest  of  the  test  part,  in  spite  of  the  cylinder  being  'unioned'  to  the  base 
of  the  part  [6],  Subsequently,  the  part  built  without  problems. 

An  important  finding  is  that  while  the  STL  format  was  accepted  by  all  the  systems  used  in  the 
study,  the  method  of  constructing  the  drawing  file  on  a  CAD  system  was  found  to  affect  part 
building  on  the  LOM  process.  The  LOM  process  is  different  from  the  other  processes  in  that  it 
builds  parts  by  cutting  away  excess  material  while  the  others  build  parts  by  adding  or  fusing 
material  where  required.  The  software  on  the  LOM  machine  recognizes  different  entities  in  an  STL 
file  and  cuts  them  separately  from  the  sheets  of  paper.  Therefore,  on  the  test  part,  the  cylinders 
were  separated  from  the  base  since  they  were  drawn  separately  and  'unioned'  into  the  base.  This 
would  not  have  happened  if  the  drawing  had  been  constructed  by  subtracting  geometry  from  a 
block;  the  test  part  would  then  have  been  treated  as  one  entity  [6,7], 

Constructing  the  part  drawing  with  the  LOM  process  in  mind  will  solve  this  problem  but  we 
can  only  speculate  whether  the  laser  on  the  SL  and  SLS  machines  will  cure  parts  differently,  based 
on  whether  two  features  were  drawn  as  separate  entities  or  constructed  out  of  one  block.  If  some 
areas  are  cured/sintered  twice  over,  parts  may  be  affected  in  ways  not  yet  known. 

3.2  Part  Building  Issues 

Aesthetics:  The  SL  parts  (5154,  Weave)  looked  the  best,  except  for  'swirls'  on  some  inclined 
cylinders.  The  SLS  (polycarbonate),  FDM  (wax),  SLS  (nylon),  SL  (5180,  Quickcast)  and  LOM 
parts  rank  in  order  on  the  basis  of  appearance.  Laser  scoring  and  cross-hatching  are  causes  for  the 
LOM  parts  to  rank  low. 

Geometric  features:  All  4  processes  appear  capable  of  building  cylinders  at  different  angles. 
The  results  can  be  expected  to  be  different  if  hollow  cylinders  are  built,  especially  with  thin  walls. 
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Stairstepping  was  not  a  problem  on  any  of  the  cones  on  any  machine.  However,  only  the  SLA 
built  all  cone  tips  well.  All  other  processes  built  some  parts  where  the  sharp  point  was  not 
achieved.  Edges  were  sharpest  on  LOM  parts,  followed  by  SL  (5154,  Weave),  SL  (5180, 
Quickcast),  SLS  (nylon),  FDM  (wax)  and  SLS  (polycarbonate)  parts. 

Material  issues:  Problems  exist  with  materials  on  all  4  systems.  Building  nylon  parts  on  the 
SLS  process  requires  very  tight  temperature  control  [6].  Temperatures  even  slightly  higher  than 
the  recommended  value  harden  the  loose  nylon  powder  which  becomes  difficult  to  remove, 
affecting  appearance  and  accuracy.  In  some  areas  on  the  test  parts,  the  nylon  was  so  hard  that  it 
could  not  be  removed  even  by  sand  blasting.  A  smaller  build  volume  is  also  recommended  for 
nylon  parts  [6]. 

With  the  LOM  process,  delamination  occurs  between  layers  on  some  parts.  Variation  in  paper 
quality,  specifically  coating  inconsistency,  is  suspected  to  be  the  one  of  the  causes  for  this  [7]. 

The  new  resin  (5180),  used  on  the  SLA,  has  higher  surface  tension  than  the  old  ones.  Layers 
finer  than  0.006"  are  hard  to  build  in  styles  other  than  Quickcast.  It  also  increases  build  time 
because  there  is  a  'pre-dip'  delay  between  layers  while  the  previous  layer  cures. 

While  building  nylon  parts  on  the  FDM  process,  the  nozzle  leaves  fine  "fuzzes"  on  parts. 
This  can  be  controlled  by  using  recommended  nozzle  sizes  and  velocities,  but  the  problem  is  still 
more  evident  than  with  investment  casting  wax  [5]. 

Operation  issues:  While  all  four  technologies  permit  build  interruption,  none  of  them  continue 
a  build  successfully  after  a  long  delay.  Unexpected  interruptions  occurred  on  the  LOM  and  SLS 
machines.  A  paper  jam  stopped  the  build  on  the  former  while  exhaustion  of  the  nitrogen  supply 
from  the  supply  cylinder  was  the  cause  on  the  latter.  An  improved  paper  transport  mechanism  will 
help  reduce  operator  monitoring  for  the  LOM  process.  For  large  builds  on  the  SLS  process,  a 
continuous  supply  of  nitrogen  from  a  plant,  as  opposed  to  using  a  cylinder,  may  become 
necessary. 

Build  time:  Although  the  present  study  did  not  involve  comparison  of  build  times,  some 
factors  which  limit  process  speed  are  highlighted  for  interest.  The  FDM  process  took  the  longest 
time  for  building  a  set  of  parts.  Faster  builds  can  be  achieved  by  increasing  the  space  between 
successive  nozzle  paths,  which  determines  how  densely  the  material  is  laid  out.  However,  the 
mechanical  traverse  of  the  nozzle  is  always  slower  than  the  scanning  speed  of  a  laser  using  a  set  of 
mirrors.  On  the  LOM  process,  even  though  a  laser  is  used,  it  traverses  mechanically,  again 
limiting  build  speed.  Also,  since  excess  material  has  to  be  removed  after  the  build  is  complete, 
cross-hatching  has  to  be  carried  out  over  the  entire  block.  For  small  parts,  a  significant  portion  of 
build  time  will  be  spent  on  this. 

Build  failures:  In  the  first  set  of  parts  built  on  the  SLS  machine  with  polycarbonate,  many  of 
the  inclined  cylinders  and  some  of  the  horizontal  cylinders  broke  loose.  Some  cylinders  were  also 
broken  into  dissimilar  sections,  appearing  to  indicate  that  the  sintering  had  failed  to  hold  material 
together  in  those  sections.  In  a  subsequent  build,  parts  built  with  the  same  material  were  intact. 
The  cause  for  the  failure  is  not  known. 

The  first  build  with  the  Quickcast  style  (resin  5180)  also  failed  unexplainably.  Fine  strands  of 
material  were  found  all  over  the  parts,  completely  covering  them  with  'fuzz'.  All  features  were 
stretched  in  the  Z  direction;  the  parts  were  1.5  to  2  times  taller  than  their  actual  size.  The  next  build 
was  good,  though  no  parameters  were  changed. 

3.3  Post-Processing  Issues 

All  RP  processes  have  recommended  procedures  which  are  followed  before  part  building  is 
truly  complete.  In  addition,  operators  develop  their  own  skills  and  techniques  from  experience.  To 
some  extent,  post-processing  is  dictated  by  the  end  use  of  the  part.  Parts  for  design  reviews  may 
be  smoothed  and  painted,  Quickcast  parts  meant  for  investment  casting  are  carefully  drained  of 
uncured  resin,  and  so  on.  Operator  skills  influence  final  part  accuracy  and  finish  to  varying 
degrees  on  different  systems.  This  influence  is  highest  on  the  LOM  parts. 

Removing  excess  material  from  the  LOM  parts  is  difficult  where  geometries  are  intricate. 
Special  tools  are  not  available.  Operators  use  suitable  wood  working  tools.  Not  knowing  the 
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exact  geometry  can  make  cleanup  even  harder,  with  the  danger  of  accidentally  breaking  part 
features  being  very  high  for  delicate  sections.  When  features  are  broken,  they  can  be  glued  back 
on  with  wood  glue  but  the  effect  of  this  glue  on  dimensions,  especially  in  the  Z  direction,  needs  to 
be  studied.  The  process  is  best  suited  for  large,  simple  parts. 

FDM  parts  require  little  or  no  processing.  Fine  strands  of  material,  which  may  appear  on 
some  parts,  can  be  blown  away  with  an  ordinary  hair  dryer  [5],  SLS  parts  rank  second  in  ease  of 
postprocessing,  the  most  difficulty  is  encountered  with  cleaning  hardened  nylon.  SLA  parts 
usually  require  more  time  than  FDM  and  SLS  parts  since  postprocessing  involves  support 
removal,  draining  of  uncured  resin,  curing  in  an  oven  and  cleaning  with  chemicals. 

4.  Quantitative  Issues 

The  factor  of  greatest  interest  to  this  study  is  repeatability.  Repeatability  is  really  a  machine 
issue;  two  supposedly  identical  machines,  though  theoretically  of  the  same  capabilities,  will  still 
have  their  differences.  It  is  important  for  users  to  understand  how  consistently  a  particular 
machine  will  build  a  part  when  built  at  different  times,  platform  locations,  orientations,  by  different 
operators  using  different  materials.  It  is  reasonable  to  expect  variations  as  mechanical  parts  wear 
on  the  machines.  By  following  a  standardized  test  procedure,  it  is  possible  to  monitor  a  machine's 
capabilities  and  make  adjustments  wherever  possible  to  obtain  builds  that  are  known  to  be  within 
the  machine's  capabilities.  A  benchmarking  procedure  will  be  developed  in  this  light  using  the  test 
part  which  was  used  for  the  qualitative  study  described  in  section  3. 

Other  factors  of  interest  include  build  defects  such  as  curl  and  warpage,  material  strength 
(tensile),  and  part  deterioration  over  time  (creep,  shrinkage). 

Warpage  is  defined  as  the  out  of  plane  deviation  of  flat  surfaces.  The  test  part  is,  once  again, 
the  one  described  in  section  3.  A  CMM  can  be  used  to  measure  the  coordinates  at  many  points  on 
the  top  surface  of  each  prismatic  box.  By  fitting  a  plane  through  these  points,  the  deviations  found 
at  the  inspected  sections  can  be  used  to  calculate  warpage. 

For  determining  tensile  strength,  it  is  proposed  that  ASTM  standard  638-72  flat  tensile  test 
bars  be  built  and  tested. 

Curling  is  the  deformation  that  occurs  in  parts  with  geometries  such  as  cantilever  lengths  and 
is  due  to  internal  stresses  which  develop  during  part  building.  Creep  is  defined  as  the  dimensional 
change  that  occurs  over  time  due  to  molecular  changes  and  gravity,  that  is,  the  weight  of  the  part. 
Two  types  of  shrinkage  can  be  studied,  linear  and  bulk  shrinkage.  Linear  shrinkage  is  defined  as 
the  change  in  part  dimensions  over  time.  Bulk  shrinkage  is  defined  as  the  change  in  volume  of  a 
part  over  time.  Test  parts  and  procedures  to  verify  performance  of  RP  systems  on  these  factors 
will  be  developed. 
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Figure  1 .  Factors  Affecting  Performance  of  RP  Systems 


Figure  2.  Chrysler  Benchmark  Part 


Figure  3.  The  IMS  Benchmark  Part 


Figure  4.  The  Kodak  Benchmark  Part 


Figure  5.  Part  for  Qualitative  Study 
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Background: 


The  technology  of  Rapid  Prototyping  &  Manufacturing  (RP&M)  began  with 
Chuck  Hull's  invention  of  StereoLithography  and  the  founding  of  3D  Systems  in  March, 
1986  (Ref.  1).  The  first  StereoLithography  Apparatus,  the  SLA- 1,  was  previewed  at 
AutoFact  in  November,  1987.  The  first  SLA-250  was  announced  in  March,  1989; 
followed  by  the  sale  of  the  first  SLA-500  only  four  years  ago  (Ref.  2). 

During  1988  and  1989  many  visionary  people  recognized  that  StereoLithography 
(SL)  possessed  remarkable  potential.  Nonetheless,  from  a  pragmatic  viewpoint  the  early 
parts  were  very  brittle,  accuracy  was  mediocre  at  best,  and  surface  finish  was  still  rather 
rough.  Consequently,  the  initial  parts  were  really  useful  only  for  visualization.  However, 
this  capability  alone  was  extremely  valuable.  It  enabled  designers  and  engineers  to 
uncover  basic  errors  in  a  design  while  inspecting  actual,  physical,  three  dimensional 
objects.  These  discrepancies  were  often  previously  overlooked  when  reviewing  a 
complex  set  of  two  dimensional  drawings.  As  a  result,  improved  product  visualization 
was  almost  certainly  the  dominant  justification  for  the  purchase  of  an  SLA  through  mid 
1990,  and  still  remains  an  important  advantage  of  RP&M. 

However,  about  four  years  ago  a  number  of  key  developments  in  software, 
hardware,  resin  formulation  and  process  methods,  coupled  with  a  growing  understanding 
of  the  fundamental  science  of  SL,  began  to  bear  fruit.  Figure  1  shows  the  various 
advances  that  have  been  made  in  SL  part  accuracy  during  this  period.  Here  we  plot  e 
(90),  ("epsilon  ninety")  as  a  function  of  time.  Note  that  this  accuracy  metric  is  defined 
such  that  ninety  percent  of  the  actual  measurements  on  a  part  will  lie  within  e(90)  of  their 
intended  CAD  value.  Hence,  e(90)  gives  the  reader  an  indication  of  the  "90th  percentile 
error"  for  parts  made  using  StereoLithography.  The  data  shown  in  this  figure  were  taken 
from  the  so-called  "UserPart"  accuracy  test,  described  in  detail  in  Ref.  3. 

Early  values  of  e(90)  were  almost  400  micrometers  using  the  original  Tri-Hatch 
build  style.  When  e(90)  was  reduced  to  about  300  micrometers,  with  the  advent  of  the 
WEAVE™  build  style  in  June  1990,  SL  users  began  to  migrate  towards  applications 
involving  design  verification  (Ref.  4).  At  this  point,  the  parts  were  "good  enough"  that 
engineers  and  designers  could  begin  to  check  for  component  interferences,  improperly 
positioned  holes,  problems  with  cable  routing  paths,  etc. 


When  the  values  of  e(90)  reached  about  200  micrometers,  after  the  release  of 
STAR -WEAVE™  in  August  1991,  SL  users  began  to  adopt  the  technology  for 
applications  involving  design  iteration  and  optimization.  Stories  of  designers  and 
engineers  building  multiple  versions  of  inlet  manifolds,  impellers,  or  aerodynamic  nose 
sections,  and  then  performing  flow  tests  to  determine  the  "best"  design,  became  more 
commonplace  (Ref.  5). 
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Figure  1 


By  mid  1993,  with  the  availability  of  the  new  epoxy  resin  XB  5170,  the  values  of 
e(90)  began  to  approach  100  micrometers.  When  the  QuickCast™  build  style  was  also 
released  in  July,  1993,  it  became  possible  for  users  to  go  directly  from  an  accurate  SL 
pattern  to  a  quality  shell  investment  cast  metal  prototype.  With  this  step,  designers  and 
test  engineers  rapidly  moved  into  the  realm  of fabrication  for  functional  end-use 
prototypes.  During  the  past  year,  dozens  of  corporations  and  universities  in  the  U.S.  and 
Europe  have  followed  this  path  for  the  production  of  over  a  thousand  functional 
prototypes  in  aluminum,  stainless  steel,  carbon  steel,  tool  steel,  ductile  iron,  inconel, 
copper,  beryllium  copper  alloys,  silicon  bronze  and  titanium.  All  these  functional 
prototypes  were  investment  cast  directly  from  QuickCast  patterns  (Refs.  6  -  10). 

During  December  1993,  StereoLithography  moved  to  an  improved  level  of 
UserPart  accuracy,  when  a  value  of  s(90)  =  91  micrometers  was  achieved  This  value 
was  obtained  when  utilizing  the  recently  developed  and  released  Diode  Leveling  Module , 
as  well  as  the  new  Orion  Imaging  Technology  now  available  on  the  SLA-500/30.  As  a 
result,  it  is  now  possible  for  users  to  advance,  albeit  cautiously,  into  the  arena  of  true 
manufacturing  production  This  paper  describes  one  of  the  earliest  applications  of 
StereoLithography  to  be  focused  on  the  creation  of  shell  investment  cast  tool  steel 
negatives  using  QuickCast.  These  steel  negatives  then  become  the  basis  of  core  and 
cavity  inserts  for  Rapid  Tooling. 

This  "QuickCast  Tooling"  process  has  the  potential  for  truly  dramatic  cost  and 
time  savings.  Data  presented  in  this  paper  document  the  actual  time  and  money  saved  by 
Ford  on  this  project  alone.  Ultimately,  QuickCast  Tooling  should  enable  rapid  and 
economical  generation  of  core  and  cavity  inserts  for  either  direct  injection  molding  of 
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end-use  production  plastic  parts,  manufacturing  large  quantities  of  investment  casting 
wax  patterns ,  or  as  dies  for  direct  die  casting  of  production  metal  components. 

However,  in  order  for  this  application  to  provide  really  substantial  cost  and  time 
savings,  it  is  essential  that  the  accuracy  and  surface  finish  of  the  SL  generated  patterns 
continue  to  improve.  With  s(90)  values  currently  at  91  micrometers,  coupled  with  the 
surface  finish  of  the  latest  QuickCast  patterns,  we  are  now  moving  "into  the  ballpark"  of 
QuickCast  Tooling.  As  s(90)  is  continuously  diminished  and  "stair-stepping"  is  further 
reduced,  this  application  will  begin  to  grow  rapidly;  driven  by  the  remarkable  economic 
and  schedule  benefits  attainable.  When  e(90)  moves  below  40  micrometers  and  SL 
pattern  surface  finish  begins  to  approach  that  of  machined  tool  steel,  we  believe  that 
Rapid  Tooling  will  become  a  dominant  growth  mechanism  of  RP&M. 

While  these  levels  of  pattern  accuracy  and  surface  finish  may  still  be  a  few  years 
away,  they  are  coming.  This  paper  describes  a  successful  project  which  indicates  that  we 
may  be  closer  to  the  goal  of  Rapid  Tooling  than  many  people  realize.  Indeed,  as  shown 
in  the  cost  and  time  comparison  figures  which  follow.  Ford  Motor  Company  is  already 
beginning  to  realize  significant  benefits  from  this  new  and  important  application  of  SL. 


Introduction: 

The  automotive  industry  is  constantly  striving  to  find  ways  to  produce  final 
products  with  cost  and  time  savings  in  the  forefront  of  the  designer’s,  engineer's  and 
manufacturer's  minds.  Parts  constructed  more  rapidly  and  economically  offer  obvious 
savings.  When  generated  in  production  materials  these  parts  allow  several  designs  to  be 
tested  under  real  world  conditions,  enabling  selection  of  the  best  possible  design.  The 
1994  Ford  Explorer  "Wiper  Module  Cover"  described  in  this  paper,  although  a  simple 
part,  illustrates  the  potential  of  today's  technology.  Simply  stated,  the  tools  created  in 
this  project  were  used  to  injection  mold  production  polypropylene  material,  and  equally 
important,  to  do  so  for  production  quantities  as  well. 


Process  Alternatives: 

At  the  time  this  project  was  started,  two  alternative  processes  for  creating  the 
tools  were  being  considered.  The  first  method  involved  the  possible  use  of  spray  metal 
tooling  backed  by  some  sort  of  composite  material.  The  Wiper  Module  Cover  geometry 
was  simple  enough  to  use  spray  metal  tooling.  The  primary  question  was  whether  the 
tools  would  survive  the  demands  associated  with  production  quantities.  After  some 
discussion  with  Ford's  Alpha  Manufacturing  Development  Center  (  Alpha  MDC) 
concerning  a  project  that  had  previously  been  accomplished  using  spray  metal  (kirksite) 
tooling  with  a  composite  backing,  it  was  clear  the  tools  would  almost  certainly  not 
survive  for  the  required  production  quantities. 
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Typical  results  Alpha  MDC  were  seeing  on  spray  metal  tooling  were  as  follows: 
on  the  first  injection  molded  part  a  dimple  occurred,  although  in  this  case  the  cause  was 
probably  due  to  excessively  rushing  the  cycle  time.  At  100  parts,  thin  intricate  sections 
started  to  deform.  The  tool  was  retired  at  300  parts,  although  part  quality  was  not  yet 
unacceptable.  Total  production  yield  was  expected  to  be  between  300  and  1 ,400  parts  on 
that  specific  spray  metal  tool.  This  is  consistent  with,  albeit  on  the  low  end  of,  the  results 
listed  in  Table  1  below. 


Conventional  Tooling 


Number  of 

Mold 

Fabrication 

Fabrication 

Mold  Life 

Required  Parts 

Material  Type 

Cost  $(000) 

Time  (weeks) 

Parts  Produced 

1  to  30 

Silicone 

$5 

2  to  3 

30 

30  to  1,000 

Epoxy  Composite 

$9 

4  to  5 

300 

1,000  to  3,000 

Kirksite  (cast) 

$25 

12  to  14 

1,500 

1,000  to  3,000 

Aluminum  (cast) 

$30 

12  to  14 

2,000 

3000  to  250,000 

Steel  (machined) 

$60 

16  to  40 

250,000 

Rapid  Tooling 

Number  of 

Mold 

Fabrication 

Fabrication 

Mold  Life 

Required  Parts 

Material  Type 

Cost  $(000) 

Time  (weeks) 

Parts  Produced 

1  to  30 

Silicone 

$5 

2  to  3 

30 

30  to  300 

Epoxy  Composite 

$9 

4  to  5 

300 

300  to  1,400 

Arc  Metal  Spray** 

$25 

6  to  7 

1,000 

1,400  to  15,000 

Nickel  Vapor  Deposition** 

$30 

6  to  7 

5,000 

3000  to  250,000 

Steel  (machined) 

$60 

16  to  18 

3,000  to  250,000* 

Steel  (cast) 

$15 

4  to  6 

250,000 

*Mold  life  study  is  still  in  progress. 
**  Composite  Assembly 


Table  1 

The  second  process,  called  Nickel  Vapor  Deposition  (NVD),  was  a  more  likely 
candidate  for  production  tooling  requirements.  The  surface  quality  of  NVD  is  quite 
impressive,  although  estimates  of  tool  life  were  uncertain.  Again,  Ford's  Alpha  MDC 
group  provided  some  answers  based  on  prior  experience.  As  in  the  case  with  spray  metal 
tooling,  the  NVD  process  would  also  require  some  sort  of  composite  backing  material. 

At  the  time.  Alpha  MDC  had  produced  only  one  mold  using  the  NVD  process.  That  tool 
was  able  to  withstand  very  limited  injection  molding  conditions  (i.e.  65  psi  at  206  °F). 
These  values  were  far  below  the  requirements  of  the  production  tool  (viz.  10,000  psi  at 
450°F  -  500°F)  as  shown  in  Table  2.  Nonetheless,  the  decision  had  been  made  to  proceed 
with  limited  production  quantities  in  order  to  establish  baseline  data  for  NVD  tools. 

The  NVD  tool  was  stopped  at  300  p>arts,  although  it  held  up  quite  well  during 
use,  with  little  or  no  degradation  evident.  Nonetheless,  Alpha  MDC  estimated  the  yield 
with  the  NVD  process  at  between  1,400  and  15,000  parts.  While  an  improvement 
relative  to  spray  metal  tooling,  this  was  still  not  appropriate  for  quantities  in  excess  of 
100,000  parts. 
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Tool  and  Mold  Information 


Description 

Data 

Comments 

Press 

200  Ton 

Tool 

12"  x  15"  Base 

DME  Cat  #121 5 A-3  3- 1 7 

Pressures 

10,000  psi 

Temperatures 

450  F  -  500  F 

Cooling  Line  Fittings 

1/4"  Pipe 

DME  Cat  #JP252 

Runner 

1/4"  Half  Round 

Ejector  Pins 

1/4" 

DME  Cat  #EX-17 

Return  Pins 

5/8" 

DME  Cat  #EX-37 

Material  to  be  Molded 

Polypropylene 

Shrink  Factor 

0.018  in/in 

Draft  Angle  Required 

1  degree 

Steel  Selected 

A2  Tooling  Steel 

Other  possible  steels  include. 

Shrink  Factor 

2%  in  all  directions 

A6  or  HI 3 

Mold  Inserts  Size 

CORE  -  6"  x  8"  x  3" 
CAVITY  -  6"  x  8"  x  3" 

Table  2 


Process  Selection  and  Implementation: 

Ford  Motor  Company  had  been  a  Beta  site  for  the  QuickCast™  process  during 
1993.  Recognizing  the  limitations  of  both  spray  metal  and  NVD  tooling,  as  described 
above,  Ford  decided  to  try  "QuickCast  Tooling".  Once  the  QuickCast  Tooling  process 
had  been  selected,  the  task  of  learning  how  to  actually  accomplish  the  desired  outcome 
had  begun.  The  software  selected  to  create  the  CAD  solid  model  of  the  Explorer  Wiper 
Module  Cover  was  Parametric  Technology  Corporation's  PRO/Engineer  (PRO/E). 

PRO/E  was  selected  based  on  the  availability  of  the  PRO/Mold  software  package. 
PRO/Mold  allows  the  designer  or  engineer  to  create  negative  molds  based  on  the 
positive  of  the  desired  final  part  geometry.  As  a  starting  point,  a  CAD  positive  solid 
model  of  the  Wiper  Module  Cover  was  created  in  PRO/E  and  subsequently  forwarded  to 
Ford's  SLA-250  for  creation.  A  photograph  of  the  QuickCast  positive  is  shown  in  Figure 
2. 

As  it  turned  out,  the  positive  of  the  part  allowed  the  early  detection  of  a 
packaging  interference.  A  second  iteration  was  created  by  altering  the  PRO/E  solid 
model,  and  sending  the  new  file  to  the  SLA.  This  time  the  positive  of  the  Wiper  Module 
Cover  showed  no  interference,  but  still  required  further  changes  in  order  for  the  final 
assembly  to  be  more  easily  manufactured.  Thus,  a  third  iteration  was  generated  in 
PRO/E. 
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Figure  2:  StereoLithography  pattern  mounted  on  the  wiper  module 


When  the  design,  engineering  and  manufacturing  staffs  were  in  concurrence, 
mold  halves  were  created  by  initially  imbedding  the  CAD  solid  model  in  a  block  called  a 
"work  piece"  in  PRO/Mold.  A  parting  line  was  then  selected  based  on  the  manufacturer's 
requirements,  and  the  two  CAD  solid  model  halves  were  then  "separated."  Next,  the 
cooling  lines  and  ejector  pin  holes  were  positioned  on  the  PRO/Mold  solid  models  of  the 
mold  halves.  A  schematic  of  the  tooling  set-up,  showing  the  mold  base,  ejector  plate, 
support  plate,  core  and  cavity  inserts,  and  top  clamping  plate,  is  presented  in  Figure  3. 

However,  during  a  final  meeting  before  actually  preparing  the  STL  file,  the  need 
for  another  design  change  became  evident.  This  fourth  iteration  was  made  to  the  CAD 
solid  model  and  was  automatically  incorporated  into  the  mold  halves.  The  STL  files 
were  then  generated  with  the  highest  accuracy  settings  in  PRO/E  in  order  to  obtain  the 
best  possible  QuickCast  pattern  surface  finish.  A  photograph  of  the  final  QuickCast 
negative  mold  insert  patterns  is  shown  in  Figure  4.  It  is  noteworthy  that  the  classic  SL 
sequence  of  design  visualization,  verification,  multiple  iteration  and  final  optimization 
was  very  evident  during  this  project.  Had  traditional  methods  been  used,  significant, 
expensive,  and  time  consuming  tooling  rework  would  certainly  have  been  required.  In 
fact,  it  is  quite  possible  that  a  new  tool  would  have  been  necessary,  adding  many  months 
to  the  delivery  schedule. 
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Schematic  of  Tool 


Sprue 


"A"  Plate 

MCAVITY  Insert 

"A"  Plate 

u 


MOORE  Hnsert 


u 


”B"  Plate 

'■ •  ’  :  •:  . 

"B"  Plate  I 

. .'Co.ofiog  Lme. ............ 

SUPPORT  PLATE 


Ejector  Pin 


Ejector  Pin 


Ejector  Plate 


MOLD  BASE 


Figure  4:  QuickCast  core  and  cavity  prior  to  investment  casting. 
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QuickCast™  Patterns: 


Creating  the  SL  patterns  was  fairly  straightforward  using  3D  Systems  QuickCast 
build  style.  The  build  parameters  are  listed  in  Table  3.  Some  details  should  be 
mentioned  concerning  the  build  process.  Three  separate  shrinkage  factors  are  needed: 
the  shrinkage  factor  of  the  final  injection  molded  material  (in  this  case  polypropylene), 
the  shrinkage  factor  of  the  StereoLithography  resin  (in  this  case  XB  5170),  and  finally  the 
shrinkage  factor  of  the  A2  tool  steel.  The  latter  was  the  hardest  to  determine  as  there  was 
little  data  to  be  found  on  shell  investment  cast  shrinkage  factors  for  A2  tool  steel.  The 
best  available  information  suggested  a  value  of  about  2%  in  all  directions,  although  the 
exact  value  may  be  even  slightly  higher.  Ford  is  currently  running  samples  to  determine 
the  shrinkage  factors  of  various  tool  steels,  as  well  as  other  data  including  hardness,  after 
shell  investment  casting. 

Also,  the  blade  gap  is  an  important  parameter  when  working  with  XB  5 1 70  resin 
and  building  parts  in  the  QuickCast  style.  As  can  be  seen  in  Figure  5,  the  horizontal  lines 
perpendicular  to  the  vertical  or  "Z  axis'1  build  direction  are  a  telltale  sign  of  blade  contact 
during  the  build  process.  By  using  the  recommended  blade  gap  in  conjunction  with  the 
new  and  more  accurate  Diode  Leveling  Module,  the  accuracy  of  the  pattern  in  the  Z 
direction,  as  well  as  the  repeatability  of  the  layer  thickness,  are  both  greatly  improved. 
Consequently,  in  this  configuration  the  chances  of  a  blade  collision  are  significantly 
reduced. 


Figure  5:  Vertical  walls  of  the  steel  mold  inserts  The  layer  shift  is  due  to  blade  contact. 
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Investment  Casting: 


The  QuickCast  patterns  were  fully  drained,  cleaned,  postcured,  checked  for  the 
existence  of  any  holes,  and  then  shipped  to  Howmet  Corporation,  Whitehall,  Michigan. 
They  were  then  re-checked  for  holes  at  Howmet,  and  any  pinholes  missed  earlier  were 
filled  with  investment  casting  wax.  The  original  patterns  included  the  ejector  pin  holes. 
However,  because  this  was  Howmet's  first  time  shell  investment  casting  A2  tool  steel, 
they  felt  more  comfortable  filling  the  ejector  holes  with  wax;  leaving  only  a  small 
locating  dimple.  The  ejector  holes  would  presumably  be  drilled  after  the  steel  had 
solidified  and  cooled. 

Subsequent  to  the  patterns  being  gated  and  all  holes  being  filled,  the  QuickCast 
patterns  were  cleaned  and  prepped  for  dipping.  This  included  an  alcohol  wipe  and  a  final 
check  for  any  holes.  The  QuickCast  patterns  and  their  attached  gates  were  then  invested 
in  a  vat  of  very  fine  "face  coat"  ceramic  slurry.  After  drying,  the  process  is  repeated  with 
subsequent  layers  being  sprinkled  with  refractory  sand  until  the  required  ceramic  shell 
thickness  has  been  achieved. 

On  completion  of  the  shell,  the  patterns,  gates  and  ceramic  shell  assembly  were 
then  placed  in  a  fully  aspirated  oven  and  fired  at  over  1 800  °F  for  one  hour,  as  described 
in  references  6  through  10.  This  firing  cures  and  strengthens  the  ceramic  shell.  It  also 
simultaneously  bums  out  the  QuickCast  pattern;  provided  sufficient  oxygen  is  present  for 
the  efficient  conversion  of  the  hydrocarbon  based  resin  to  water  vapor  and  carbon 
dioxide.  After  bum  out  was  completed,  the  shells  were  checked  for  any  small  cracks  or 
fractures.  It  was  determined  that  in  some  areas  the  pattern  had  "stuck"  to  the  walls  of  the 
ceramic  face  coat,  causing  some  surface  imperfections.  However,  these  were  relatively 
minor  and  could  be  accounted  for  in  the  final  polishing  of  the  tool. 

Next,  the  ceramic  shells  were  placed  in  an  oven  to  preheat  them  prior  to  pouring 
steel.  Howmet  uses  an  induction  coil  to  melt  ingots  of  steel  and  pours  the  molten  metal 
in  a  vacuum.  After  the  steel  was  poured,  the  shells  with  the  molten  steel  inside  are 
placed  in  the  open  air  to  cool  and  harden. 

As  an  interesting  and  potentially  significant  sidelight,  the  low  thermal  mass  and 
relatively  high  surface-to-volume  ratio  of  the  shell  investment  casting  process  resulted  in 
very  rapid  metal  cooling  and  hence  extremely  hard  tool  steel  core  and  cavity  pairs. 
Furthermore,  the  high  hardness  was  not  just  at  the  surface,  but  rather  it  extended  through 
the  entire  thickness  of  the  mold  inserts.  In  fact,  the  resulting  A2  tool  steel  was  so  hard 
that  five  carbide  drill  bits  were  dulled  and  rendered  useless  while  attempting  to  drill  the 
aforementioned  ejector  holes.  Ultimately,  the  holes  were  drilled  using  diamond  tipped 
bits.  Quite  obviously,  in  future  QuickCast  Tooling  projects,  any  and  all  registration  holes 
and  or  ejector  pin  holes  will  clearly  not  be  filled  with  wax  prior  to  casting.  In  fact.  Figure 
6  shows  a  hole  that  was  accidentally  created  as  the  result  of  overheating  while  attempting 
to  cut  off  the  extremely  hard  A2  tool  steel  gating. 
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SLA  Build  Data 


MCORE 

MCAVITY* 

Description 

Data 

Description 

Data 

Build  Time 

48  Hours 

Build  Time 

48  Hours 

Laser  Power 

Laser  Power 

At  Start  of  Build 

36  mw 

At  Start  of  Build 

36  mw 

At  End  of  Build 

36  mw 

At  End  of  Build 

36  mw 

X  Shrink  Comp: 

2.06% 

X  Shrink  Comp: 

2.06% 

Y  Shrink  Comp: 

2.06% 

Y  Shrink  Comp: 

2.06% 

Z  Shrink  COmp: 

2.00% 

Z  Shrink  COmp: 

2.00% 

Part  Build  Style 

QuickCast 

Part  Build  Style 

QuickCast 

XFILL 

XFILL 

Border  Overcure 

0.0070" 

Border  Overcure 

0.0070" 

Hatch  Overcure 

0.0050" 

Hatch  Overcure 

0.0050" 

Fill  Cure  Depth 

0.0120" 

Fill  Cure  Depth 

0.0120" 

Part  Recoating 

Part  Recoating 

Z  Wait 

15  Seconds 

Z  Wait 

15  Seconds 

Pre  Dip  Delay 

0 

Pre  Dip  Delay 

0 

Post  Dip  Delay 

1 

Post  Dip  Delay 

1 

Z  Dip  Velocity 

0.2 

Z  Dip  Velocity 

0.2 

Acceleration 

0.2 

Acceleration 

0.2 

Number  of  Sweeps 

1 

Number  of  Sweeps 

1 

Sweep  #1  Blade  Gap 

100% 

Sweep  #1  Blade  Gap 

100% 

Period 

8 

Period 

8 

Support  Style 

Bridge  Works 

Support  Style 

Bridge  Works 

No  Hatch 

No  Fill 

No  Hatch 

No  Fill 

All  Over  Cure  Settings 

0.0050” 

All  Over  Cure  Settings 

0.0050” 

Support  Recoating 

Support  Recoating 

Z  Wait 

9  Seconds 

Z  Wait 

9  Seconds 

Pre  Dip  Delay 

0 

Pre  Dip  Delay 

0 

Post  Dip  Delay 

1 

Post  Dip  Delay 

1 

Z  Dip  Velocity 

0.2 

Z  Dip  Velocity 

0.2 

Acceleration 

0.2 

Acceleration 

0.2 

No  Sweeps 

No  Sweeps 

3dverify  information 

3dverify  information 

Unit 

Inches 

Unit 

Inches 

Volume 

145.522 

Volume 

131.859 

Number  of  Triangles 

4092 

Number  of  Triangles 

3510 

|*  The  part  MCAVITY  is  a  trapped  volume  and  the  first  attempt  at  building  the  part  failed  The  solution  was 
I  to  place  four  half  inch  holes  in  the  bottom  of  the  part  and  fill  them  in  with  wax  before  casting. 

For  future  tooling  inserts  more  attention  will  be  paid  to  the  recoating  parameters. _ 


Table  3 
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Of  potentially  greater  significance,  however,  is  that  the  increased  hardness  of 
investment  cast  tool  steel ,  relative  to  conventional  billets  of  the  same  nominal  material, 
may  be  of  value  in  extending  the  abrasion  resistance  and  hence  the  life  of  production 
tooling.  Furthermore,  it  is  quite  possible  that  extended  tool  life  can  be  achieved  in  this 
manner  without  the  need  for  additional  heat  treatment  steps.  Heat  treatment  further 
increases  tooling  cost,  extends  tooling  completion  schedules,  and  can  also  lead  to 
thermally  induced  distortion  of  the  mold  cavities,  thereby  requiring  subsequent  tooling 
rework  and  additional  cost  and  time. 


Figure  6:  Core  half  showing  a  hole  that  was  created  while  cutting  off  the  pouring  cup. 


Tool  Preparation  and  Injection  Molding: 

Upon  completion  of  the  investment  casting  portion  of  the  project,  the  steel  core 
and  cavity  inserts  were  forwarded  to  ATC  Nymold  Corporation,  Brooklyn  Heights,  Ohio, 
for  tooling  preparation  and  injection  molding  of  the  Wiper  Module  Covers  in 
polypropylene.  Figure  7  is  a  photograph  of  the  cavity  mold  insert  surface,  showing 
residual  signs  of  the  QuickCast  triangular  structure.  This  structure  was  present  on  the 
upfacing  pattern  surface  and  was  later  transferred  to  the  tool  steel  insert  during  casting. 

Further  signs  of  surface  degradation  are  evident  in  the  radii  also  shown  in  Figure 
7.  It  has  been  determined  that  during  autoclave,  the  superheated  steam  not  only  melted 
out  the  wax  gating  and  softened  the  QuickCast  pattern  as  intended,  but  either  the  steam, 
or  the  alcohol  used  to  clean  the  patterns,  apparently  also  caused  some  sort  of  reaction 
with  the  still  uncured  ceramic  shell  material.  This  problem  has  subsequently  been 
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Figure  7:  Surface  finish  of  the  cast  steel  inserts.  The  QuickCast  pattern  structure  can  be  seen 


addressed  at  the  foundry.  Howmet  now  fully  dries  and  cures  the  ceramic  shell  prior  to 
autoclaving. 

Another  problem  that  will  be  addressed  by  Howmet  is  the  matter  of  final  pattern 
surface  finish.  Howmet  believes  that  they  can  coat  the  QuickCast  pattern  with  a  very  thin 
layer  of  wax  prior  to  investing  the  face  coat  slurry.  They  believe  that  this  will  fill  in  the 
residual  QuickCast  triangulation  pattern  on  the  upfacing  as  well  as  the  downfacing 
surfaces.  However,  because  the  thickness  as  well  as  the  uniformity  of  this  coating  have 
not  been  studied  at  this  time,  the  potential  effect  of  this  method  on  pattern  accuracy  is 
presently  unknown. 

The  hardness  of  the  cast  pattern  is  an  issue  that  requires  careful  attention.  ATC 
Nymold  reports  that  the  hardness  level  of  the  shell  investment  castings  were  about  48 
Rockwell  C,  or  a  full  18  points  higher  than  the  normal  value  for  conventional  A2  tool 
steel.  This  hardness  level,  although  certainly  desirable  for  the  final  tool,  actually  caused 
some  problems  in  tool  preparation.  Figure  8  is  a  photograph  of  the  core  and  cavity 
investment  cast  A2  tool  steel  mold  inserts  prior  to  surface  finishing.  On  the  core  half  a 
small  indentation  can  be  seen  where  one  of  the  ejector  holes  was  intended  to  be  drilled, 
as  noted  earlier.  The  hole  was  only  about  1/8  inch  deep  after  breaking  five  carbide  drill 
bits.  Even  after  the  holes  were  finally  completed,  using  diamond  tipped  drill  bits,  ATC 
Nymold  reported  that  these  extraordinary  hardness  levels  extended  through  the  entire 
thickness  of  the  part.  They  also  reported  that  there  were  areas  of  exceptionally  hard, 
brittle  material  they  thought  might  be  slag,  although  perhaps  these  regions  are  pockets  of 
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steel  that  were  super-cooled  and  are  therefore  even  harder  than  the  remainder  of  the 
castings. 


Figure  8  :  Mold  core  and  cavity  prior  to  surface  finishing. 


Three  possibilities  are  evident  to  address  the  unusual  problem  of  excessive  tool 
steel  hardness  resulting  from  shell  investment  casting.  The  first,  and  perhaps  the 
simplest,  is  to  investigate  the  resulting  investment  cast  hardness  of  other  candidate  steel 
alloys,  and  then  select  the  optimum  choice.  Here  one  would  want  a  material  hard  enough 
to  insure  long  tool  life,  but  not  so  hard  as  to  impose  special  machining  requirements  on 
the  finishing  operations  for  the  final  tooling. 

The  second  approach  is  to  cool  the  casting  in  a  programmable  oven  rather  than 
the  open  air.  In  this  way  the  casting  temperature  can  be  reduced  more  slowly  and  in  a 
very  controlled  fashion  to  insure  the  desired  metallurgical  properties.  Finally,  one  could 
also  anneal  the  castings  after  the  ceramic  shell  had  been  removed.  However,  this  may 
prove  to  be  the  least  desirable  of  the  methods  as  the  annealing  process  itself  can  lead  to 
warpage  of  the  inserts.  Clearly,  more  work  needs  to  be  done  to  determine  the  best 
method  of  insuring  optimal  physical  properties  of  the  inserts  consistent  with  the  highest 
levels  of  accuracy  in  the  shortest  possible  time  and  at  the  lowest  cost. 

Once  the  hardness  issues  were  dealt  with,  the  tool  was  fitted  to  the  mold  base. 
This  also  proved  to  be  somewhat  problematic  because  the  two  pieces  were  slightly 
different  in  size.  The  most  probable  explanation  for  the  size  difference  was  that  the  core 
and  cavity  were  built  in  different  orientations  relative  to  the  direction  of  recoater  blade 
travel  on  the  SLA-250.  Although  this  is  not  normally  a  concern,  the  fact  that  contact 
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occurred  with  the  recoater  blade  during  build  might  account  for  the  size  difference.  A 
second  possibility  is  that  the  shrinkage  factors  for  the  A2  tool  steel  might  have  been 
geometry  dependent  and  hence  not  totally  uniform.  Again,  further  work  is  definitely 
needed  with  respect  to  the  determination  of  accurate  shrinkage  factors  for  the  shell 
investment  casting  of  various  candidate  tool  steels. 

Also,  draft  angles  were  not  included  in  the  original  CAD  model  or  in  the 
subsequent  QuickCast  stereolithography  patterns  and  the  resulting  investment  cast  mold 
inserts.  Rather,  the  draft  angles  were  subsequently  machined  after  the  steel  inserts  were 
cast.  As  a  result,  the  mold  inserts  had  uneven  wall  thickness  values.  The  obvious 
answer  to  this  problem  is  to  apply  all  draft  angles,  fillets,  radiuses,  etc.  to  the  CAD  design 
well  before  the  inserts  are  actually  investment  cast. 

When  all  these  issues  were  resolved  and  corrected,  the  inserts  were  finally 
installed  on  their  bases  and  placed  in  the  injection  molding  machine.  The  resultant 
injection  molded  polypropylene  wiper  module  covers  were  then  used  for  water  leakage 
testing.  Although  they  would  be  going  into  an  area  of  the  vehicle  that  would  not  be 
visible  to  the  public,  the  surface  finish  prevented  the  modules  from  gaining  release  status. 
As  seen  in  Figure  9,  the  surface  quality  of  the  final  core  and  cavity  halves  required 
extensive  machining  and  polishing.  Figure  10  shows  a  photograph  of  the  final  injection 
molded  polypropylene  wiper  module  cover  mounted  on  an  actual  wiper  module. 


Figure  10:  The  final  injection  molded  part  mounted  on  a  wiper  module. 


Figures  1 1  and  12  show  Ford's  estimates  of  the  cost  as  well  as  the  fabrication  time 
required  for  various  tooling  fabrication  techniques.  The  potential  advantages  of 
QuickCast  Tooling  through  investment  casting  are  clearly  evident  relative  to 
conventional  machined  steel  tooling.  Figure  13  shows  the  actual  cost  and  time 
comparisons  experienced  by  Ford  on  this  project.  Remarkably,  this  data  includes  all  the 
various  problems  associated  with  ascending  the  "learning  curve"  for  the  first  time. 


Figure  1 1 
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Figure  12 


Figure  14  shows  Ford's  project  plan  for  conventional  tooling,  while  Figure  15 
shows  the  actual  results  of  the  QuickCast  Tooling  project.  Again,  even  with  all  the 
various  "learning  curve"  delays,  the  time  savings  were  noteworthy.  Once  the  process  is 
better  defined,  and  additional  information  has  been  generated  regarding  the  hardness  as 
well  as  the  shrinkage  factors  of  various  shell  investment  cast  tool  steel  alloys,  the  time 
and  cost  savings  relative  to  conventional  tooling  methods  should  be  even  more 
significant.  Ford  intends  to  monitor  actual  cost  and  time  savings  on  at  least  two 
additional  future  projects,  so  that  the  potential  advantages  of  Rapid  Tooling  can  be  more 
accurately  assessed. 


Figure  13 
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Timing  Plan  for  Explorer  Rear  Wiper  Motor  Water  Shield 
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Timing  Plan  for  Explorer  Rear  Wiper  Motor  Water  Shield 
Investment  Cast  Tooling  Inserts 
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Figure  15 


Conclusions: 


With  all  the  numbers  laid  out,  and  all  the  photographs,  tables  and  comparison 

figures  in  place,  the  question  still  comes  to  mind . was  this  project  successful? 

The  answer  is  most  definitely  yes!  When  the  project  was  started  at  Ford,  the  goal  was  to 
produce  a  part  capable  of  being  tested  under  realistic  conditions  while  being  fabricated 
from  production  material.  A  secondary  goal  was  the  possibility  of  using  the  resulting 
tooling  for  production  run  quantities.  While  we  will  not  use  the  "first"  rapid  tool  for 
production,  we  do  intend  to  use  subsequent  QuickCast  Tooling  for  actual  production. 
Undoubtedly,  the  first  QuickCast  Tool  will  ultimately  become  a  conversation  piece. 
Nonetheless,  its  value  should  not  be  understated.  This  project  has  already  changed 
Ford's  thinking  about  providing  parts  to  our  testing  facility  as  well  as  the  way  we  will 


ultimately  manufacture  production  run  parts.  From  this  first  experience  with  investment 
cast  tooling,  the  groundwork  has  definitely  been  laid.  At  this  time.  Ford  has  already 
authorized  at  least  two  additional  QuickCast  Tooling  projects. 

There  are  three  areas  where  further  research  must  be  completed  before  we  can 
consistently  produce  quality  rapid  tooling.  First,  the  surface  finish  of  the  QuickCast 
patterns  as  well  as  the  final  investment  castings  must  be  improved.  In  this  regard,  3D 
Systems  has  already  developed  and  is  now  in  the  test  and  evaluation  phase  of  an 
advanced  version  of  QuickCast  that  directly  addresses  the  issues  of  improved  upfacing, 
downfacing  and  vertical  surface  quality,  as  well  as  the  elimination  of  pinholes  during 
support  removal. 

Second,  is  the  matter  of  tool  hardness.  As  discussed  above,  more  data  is  needed 
on  the  hardness  of  shell  investment  cast  steel  alloys  as  a  function  of  cooling  rate. 
Additional  data  on  shrinkage,  tensile  properties,  abrasion  resistance,  etc.  are  also  needed 
to  better  understand  the  relationship  between  cast  and  cut  tool  life.  Ford  and  3D  will  be 
actively  working  with  a  number  of  foundries  to  obtain  such  data.  Assistance  from  other 
parties  interested  in  developing  a  comprehensive  data  base  would  certainly  be  welcome. 

Third,  we  must  establish  realistic  cost  and  time  estimates  for  QuickCast  Tooling. 
Obviously,  the  project  described  in  this  paper  is  only  the  beginning.  While  we  were  able 
to  produce  these  tools  in  a  relatively  short  time,  further  reductions  are  definitely  possible. 
However,  because  investment  casting  foundries  have  been  used  to  the  long  lead  times 
and  large  quantities  of  the  aerospace  industry,  this  may  be  viewed  as  typical.  In  the 
automotive  industry  we  do  not  produce  great  numbers  of  investment  castings,  but  we 
might  use  a  smaller  number  of  investment  cast  tools  to  injection  mold  very  large 
quantities  of  mass  produced  products. 

In  conclusion,  we  believe  this  project  has  proven  that  QuickCast  Tooling  can 
work.  With  the  creative  thinking  and  energy  that  has  typified  the  RP&M  industry,  this 
project  can  be  considered  to  be  the  beginning  of  a  very  significant  new  application.  As 
noted  herein,  much  work  remains  to  be  done.  However,  we  also  believe  that  in  the 
future  Rapid  Tooling  will  have  a  major  impact  upon  manufacturing  productivity. 


Note:  QuickCast  is  a  trademark  of  3D  Systems,  Inc. 
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Abstract 

Industry  has  a  great  demand  for  metallic  prototypes  to  speed  up  product  development.  At 
present  there  are  several  RP-technologies  for  direct  fabrication  of  metal  components  in 
development.  Today  secondary  processing  of  polymer  or  wax  models,  like  investment 
casting  or  sand  casting,  is  a  very  common  way  for  the  production  of  metallic  prototypes. 
There  are,  however,  several  problems  in  investment  casting  resulting  from  laser  sintered 
models  made  of  wax  or  polycarbonate. 

Recently  a  polymer  mixture  consisting  of  nylon  material  and  a  second  polymer  has  been 
tested  with  the  laser  sinter  process  in  a  newly  developed  sinter  machine  (EOSINT  350  - 
60).  Shells  for  investment  casting  could  be  prepared  easily  with  the  models  in  a 
conventional  assembly-line.  Several  castings  of  laser  sintered  models  in  A1  were 
successfully  realized. 

In  future,  integration  of  modeling  based  on  FEM  calculations  with  RP  for  castings  will 
become  more  important.  Calculations  will  support  the  designer  to  optimize  the  structure  of 
components  and  their  processing.  A  viable  method  will  be  presented  where  a  new  FEM 
based  calculation  method  to  optimize  the  structure  design  of  a  model  is  integrated  with  RP. 
Optimizing  castings  with  FEM  will  be  supported  by  integration  with  RP. 


Introduction 

Investment  casting  of  laser  sintered  models 

Different  casting  companies  have  experiences  with  casting  of  wax  and  polycarbonate 
models,  however,  there  is  no  systematic  report  on  investment  casting  of  laser  sintered 
models.  Generally  wax  models  are  fragile  and  distore  easily,  hence  polycarbonate  models 
are  preferred.  Investment  casting  needs  special  preparations  of  polycarbonate  models  using 
traditional  pattern-making  techniques  to  successfully  cast  the  model  III.  Problems  can  arise 
from  surface  penetration  of  slurry  during  shell  making,  hence  the  surface  needs  to  be 
completely  sealed.  Some  casting  companies  have  problems  with  polycarbonate  models 
during  the  autoclave  process.  The  material  can  produce  foam  during  the  conventional 
autoclave  process  which  can  cause  cracking  of  the  shell  111. 

Integration  of  modeling  with  Rapid  Prototyping 

Simulation  as  a  tool  for  designers  is  more  effective  when  it  is  integrated  into  the  design 
process  from  the  very  beginning.  This  is  true  for  product  as  well  as  process  design. 
Integration  of  modeling  with  Rapid  Prototyping  supports  concurrent  engineering.  A 
concurrent  approach  is  information  driven  and  relies  on  computer  technology.  Computer- 
aided  design,  mold  filling  and  solidification  simulation  and  finite  element  stress  analysis  are 
means  of  modeling  castings.  Interfacing  the  output  of  modeling  with  RP  allows  the 
simultaneous  production  of  an  optimized  model  131. 
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Experimental 


Laser  sintering  and  casting 

The  powder  material  used  is  a  mixture  of  Nylon  11  and  a  second  componenct.  A 
micrograph  of  the  powder  is  shown  in  Fig.  1.  The  two  components  were  mixed  in  a 
conventional  tumbling  mixer,  different  compositions  were  tested. 

Sintering  was  done  with  the  newly  developed  EOSINT  350  sinter  machine,  which  is 
capable  of  building  parts  as  large  as  34  x  34  x  59  cm.  The  machine  is  equipped  with  a  50  W 
CC>2  laser,  the  focal  diameter  is  <  0,5  mm  and  the  scan  rate  is  up  to  2  m/s.  Resolution  of 
the  laser  beam  positioning  in  x  and  y  is  0.015  mm  and  accuracy  0.1  mm.  The  vertical 
positioning  accuracy  is  0.05  and  the  resolution  0.01  mm.  Layer  thickness  can  be  varied 
between  0.1  and  0.2  mm.  Fig.  2  shows  the  EOSINT  unit. 

Burning  out  of  the  model  and  casting  was  realised  in  the  investment  casting  assembly  line 
of  Thyssen-FeinguB.  The  standard  procedure  of  autoclave  processing  at  170  °C  and 
subsequent  shell  firing  was  followed.  Casting  was  done  in  Al-alloy.  Usually  the  castings 
were  finished  using  sand  blasting. 

Numerical  optimization  for  lightweight  castings  and  integration  with  RP 

Lightweight  castings  is  an  option  for  weight  reduction  and  optimized  materials  service.  A 
new  numerical  modeling  method  was  selected  to  calculate  optimized  structures.  The  FEM 
based  calculation,  recently  developed  by  Mattheck  et  al.  /4/  and  named  SKO  (soft  kill 
option)  method,  simulates  a  biological  optimization.  It  has  the  potential  to  refine  structures 
in  a  lightweight  design.  The  optimization  is  similar  to  adaptive  bone  mineralization.  Bones 
are  able  to  change  their  degree  of  mineralization  according  to  a  change  in  their  mechanical 
loading. 

Stresses  are  calculated  by  FEM  in  a  selected  design  area  with  a  constant  Young's  modulus 
over  the  whole  area.  Then  the  Young's  modulus  is  varied  as  a  function  of  stresses.  In  a 
next  step  a  new  stress  distribution  is  calculated  with  the  varied  Young's  modulus 
distribution.  The  repeated  application  of  this  procedure  leads  to  distinguished  regions  of 
high  and  low  Young's  modulus.  Eventually  non-loaded  parts  are  removed  from  the 
structure.  The  final  result  is  a  design  with  a  minimum  weight.  Fig.  3  shows  an  application 
of  this  method  on  a  rectangular  bar  with  two  supports  under  a  single  load  151. 

In  order  to  transfer  the  optimized  structure  data  directly  into  the  STL  format  special 
software  was  developed  at  IF  AM.  Optimized  components  can  be  subsequently  built  as  a  RP 
models  and  investment  casted. 
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Results  and  Discussions 


Laser  sintering  of  the  nvlon/polvmer  mixture  and  casting 

The  powder  mixture  contains  nylon  and  a  second  polymer,  where  the  nylon  material  has  a 
different  thermal  behavior.  Due  to  this  difference  one  component  compensates  expansion  of 
the  other  during  heating.  This  is  the  key  for  very  successful  melting  and  burning  out  of  the 
material  during  the  autoclave  process  for  investment  casting.  Due  to  special  scan  strategies 
of  the  laser  beam  the  surface  can  be  sealed,  while  the  inner  of  the  component  is  still  porous. 
A  successful  investment  casting  and  the  laser  sintered  model  is  shown  in  Fig.  4 

Numerical  modeling  and  integration  with  RP 

As  an  example  a  roof  structure  was  optimized  by  SKO  method.  The  data  of  the  optimized 
structure  were  converted  into  STL-format  and  a  model  was  built.  The  model  and  the  casting 
are  shown  in  Fig.  5.  The  casting  can  be  used  as  a  functional  prototype  to  immediately  test 
the  feasibility  of  the  new  design  in  service.  This  example  shows  how  new  design  concepts 
can  be  tested  very  rapidly  by  integration  with  RP.  Further  development  is  necessary  to 
transfer  the  method  to  real  world,  i.e.  a  total  integration  of  the  modeling  software  in  a  CAD 
environment. 
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Fig.  1 :  Polymer  powder  mixture  used  for  laser  sintering  for  investment  casting 


Fig.  2:  Laser  sinter  machine  350-60  from  EOS 
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area 


b)  optimized 
structure 


Rectangular  bar  with  a  single  load  on  top  (a),  and  optimized  shape  after  the  SKO 
calculation  (b) 


Fig.  4:  Laser  sintered  model  of  a  connecting  rod  out  of  the  polymer  mixture  and  investmet 
casting  in  A1 
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Fig.  5: 


RP-model  built  from  converted  data  of  the  FEM-calculation  and  investment 
casting  out  of  Al. 
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Abstract 

3D  Printing  is  a  rapid  prototyping  technique  to  manufacture  functional  components 
directly  from  computer  models.  The  process  involves  spreading  the  powder  in  thin  layers 
and  then  selective  binding  of  the  powder  using  a  technology  similar  to  ink-jet  printing. 
Layers  are  added  sequentially  until  a  part  is  completed.  3DP  has  been  used  to  make 
complex-shaped  components  from  several  monolithic  materials,  including  components  for 
use  in  structural  applications.  This  paper  focuses,  however,  on  the  ability  to  control 
microstructure  and  local  composition  by  3DP.  We  envision  cases  where  computer 
derived-microstructures  can  be  created  by  appropriate  control  of  the  printing  parameters. 
Thus,  one  can  build  components  with  the  desired  microstructure  independent  of  the 
complexity  of  the  desired  shape.  Examples  for  both  structural  materials  and  biomedical 
devices  are  discussed. 


Introduction 

Three  Dimensional  Printing  (3DP)  is  a  solid  free-form  fabrication  (SFF)  method  used 
to  create  components  directly  from  CAD  representations  and  has  been  described  in  several 
publications11'31.  Briefly,  3DP  creates  parts  by  a  layered  printing  process.  The  information 
for  each  layer  is  obtained  by  applying  a  slicing  algorithm  to  the  computer  model  of  the 
part.  An  individual  two-dimensional  layer  is  created  by  adding  a  layer  of  powder  to  the 
top  of  a  piston  and  cylinder  containing  a  powder  bed  and  the  part  being  fabricated.  The 
new  powder  layer  is  selectively  joined  where  the  part  is  to  be  formed  by  "ink-jet"  printing 
of  a  binder  material.  The  piston,  powder  bed  and  part  are  lowered  and  a  new  layer  of 
powder  is  spread  out  and  selectively  joined.  The  layering  process  is  repeated  until  the  part 
is  completely  printed.  Removal  of  the  unbound  powder  reveals  the  fabricated  part.  The 
process  has  been  primarily  applied  to  ceramic  molds  for  metal  casting.  More  recently, 
however,  it  has  been  used  to  make  metal  parts  directly141,  structural  ceramic  parts151,  and 
polymer  parts161. 
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3DP  is  one  of  the  most  flexible  SFF  technologies.  The  process  can  create  parts  of  any 
geometry,  including  internal  volumes  (as  long  as  there  is  a  hole  for  the  loose  powder  to 
escape).  The  support  gained  from  the  powder  bed  means  that  overhangs,  undercuts,  and 
internal  volumes  can  be  created.  3D  Printing  can  form  any  material  that  can  be  obtained 
as  a  powder.  Further,  because  different  materials  can  be  dispensed  by  different  printheads, 
3D  printing  can  exercise  control  over  local  material  composition.  Material  can  be 
deposited  as  particulate  matter  in  a  liquid  vehicle,  as  dissolved  matter  in  a  liquid  carrier,  or 
as  molten  matter.  The  proper  placement  of  droplets  can  be  used  to  create  surfaces  of 
controlled  texture  and  to  control  the  internal  microstructure  of  the  printed  part. 

The  ability  to  control  local  composition  is  a  unique  feature  of  3DP  and  is  the  major 
focus  of  this  article.  This  type  of  control  permits  fabrication  of  materials  with  computer 
derived  microstructures  or  spatially  controlled  compositions  (SCC).  These  are 
components  in  which  their  microstructure  is  designed  on  a  computer  and  built  via  the  3DP 
process.  3DP  can  selectively  deposit  matter  within  the  structure  of  a  component  so  that 
composition  can  vary  from  point  to  point.  The  macroscopic  shape  of  the  component  can, 
however,  be  specified  completely  independently.  Thus,  we  envision  components  where 
both  the  macrostructure  and  microstructure  are  designed  by  computer  and  constructed  by 
3DP.  Potential  applications  of  such  a  technology  are  numerous,  such  as  components  with 
anisotropic  mechanical  properties,  microengineered  porosity,  or  constructing  composite 
multilayer  modules  for  electronic  packaging.  Conventional  powder  forming  technologies 
cannot  provide  simultaneous  microstructure  and  macrostructure  control.  Thus, 
demonstration  of  this  approach  will  be  a  quantum  leap  beyond  current  material  fabrication 
and  will  create  a  technology  that  is  not  unlike  the  control  that  photolithography  provided 
the  electronics  industry. 


Structural  ceramic  components 

We  have  recently  modified  the  3DP  process  under  ARPA/ONR  support  to  produce 
alumina  components  which  are  greater  than  99.3%  dense  after  firing  and  have  average 
flexural  strength  of  360  MPa[71.  Sintered  silicon  nitride  parts  with  average  flexural 
strengths  of  570  MPa  have  also  been  made  by  3DP181.  The  basic  elements  of  the  modified 
process  are  to  spread  submicron  alumina  powder  and  print  latex  binder.  Green  parts  are 
isostatically  pressed  and  sintered  to  densify  the  component.  The  polymeric  binder  is 
removed  by  thermal  decomposition  prior  to  sintering. 

SCC  for  structural  materials  can  have  many  benefits  and  unusual  features.  For 
example,  gradual  blending  of  materials  with  different  coefficient  of  thermal  expansion 
(CTE)  is  possible  with  3DP.  Metal  parts  with  surfaces  that  are  ceramic-rich  can  be  made 
for  high  temperature  applications  or  for  improved  wear  resistance.  Internal  residual 
stresses  can  be  modified  with  second  phases  to  strengthen  or  toughen  materials.  These  are 
just  few  of  the  possible  applications  of  3DP  in  SCC. 

The  current  3DP  process  involves  printing  of  continuous  binder  jet  onto  powder  bed. 
Consequently,  the  ability  to  prepare  a  stable  dispersion  becomes  a  determining  factor  for 
the  size  and  amount  of  particulate  second  phase  in  the  final  part.  Agglomeration  in  the 
binder  system  causes  improper  nozzle  performance  and  reduces  dimensional  accuracy  and 
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resolution.  Khanuja  has  established  a  preparation  and  filtration  scheme  for  fine  alumina 
dispersion.191  In  his  study,  electrostatically  stabilized  submicron  alumina  dispersions  were 
tested.  Alumina  slurry  with  up  to  40%  in  volume  has  been  successfully  dispensed  through 
typical  nozzle  for  3DP.  Calculations  indicate  that  the  maximum  volume  fraction  of  second 
phase  that  can  have  come  through  nozzle  with  the  current  3DP  process  is  30  vol%  of  final 
parts.  However,  modifications  to  the  process  routes  such  as  the  multiple  printing  cycle 
per  layer  and  use  of  porous  powder  bed  may  allow  the  fabrication  of  parts  with  larger 
amounts  of  second  phase. 

Zirconia  toughened  alumina  (ZTA)  system  was  chosen  as  the  first  model  composite 
system  and  this  system  requires  only  15  to  20%  zirconia  dispersed  in  alumina  to  attain 
optimum  strength1101.  Fine  zirconia  particle  size  and  narrow  size  distribution  is  also 
required.  These  requirements  match  precisely  with  the  capabilities  of  current  3DP 
technology.  Simple  calculations  suggest  that  one  only  needs  to  prepare  a  zirconia  slurry 
of  12.5  vol%  solids  loading  to  fabricate  parts  with  15  vol%  zirconia.  Khanuja’s  success 
with  printing  40  vol%  alumina  slurries  suggest  a  high  probability  of  success  with  15  vol% 
zirconia  system.  This  makes  the  ZTA  system  as  a  perfect  candidate  for  the  first  SCC 
system  to  be  explored  by  3DP. 

ZTA  consists  of  fine,  uniformly  dispersed  zirconia  particles  in  the  matrix  of  alumina. 
The  unusual  phase  change  in  zirconia  upon  cooling 

Z1O2  tetragonal  <'=’>  ZlOo  monoclinic  (1 170  C) 

is  the  basis  of  the  toughening  mechanism  in  this  material  system.  Three  to  five  percent 
increase  in  volume  and  shear  accompanies  the  tetragonal  to  monoclinic  phase 
transformation.  The  high  strength  and  toughness  of  ZTA  are  results  of  absorbed  energy 
during  the  phase  transformation  of  zirconia  particles  around  the  crack  tip.  The  fracture 
energy  required  to  propagate  the  crack  front  increases  due  to  the  transformation.  Volume 
expansion  of  the  precipitates  also  causes  strengthening1111.  Expanded  monoclinic 
precipitates  cause  compressive  stress  build  up  on  the  crack  tip.  Surface  grinding  of  a  ZTA 
part  induces  the  phase  transformation  near  the  surface  and  leads  to  residual  compressive 
stress1121.  Various  techniques  developed  to  fabricate  ZTA  with  thermally  inert 
compressive  surfaces  include  heat  treatments  in  destabilizing  atmosphere  and  surface 
coating  steps113'181.  Often  these  processes  require  prolonged  heat  treatments  and  present 
manufacturability  concerns.  3DP  technology  can  be  implemented  to  fabricate  ZTA  with 
built  in  compressive  layer  by  exercising  the  spatial  control  of  composition. 

3DP  can  be  used  to  deposit  zirconia  sluny  onto  a  bed  of  alumina  powder  to  create  a 
green  ZTA  part  with  controlled  zirconia  distribution.  Realization  of  this  concept  is 
illustrated  in  Figure  1.  Cross  sections  of  each  line  printed  with  5  vol%  zirconia 
demonstrates  3DP’s  ability  to  control  the  zirconia  content  in  microstructural  level. 
Although  Figure  1  shows  the  first  ZTA  part  with  only  one  zirconia  composition,  two  or 
more  nozzles  can  be  used  to  deposit  zirconia  slurries  of  different  stabilizer  contents.  For 
example,  pure  zirconia  slurry  can  be  printed  in  the  regions  where  spontaneous 
transformation  to  monoclinic  phase  is  desired.  Yttria  doped  zirconia  may  be  deposited  in 
the  rest  of  the  part  where  the  presence  of  metastable  tetragonal  phase  is  preferred.  Thus, 
ZTA  parts  with  user  specified  residual  stress  profile  can  be  fabricated  by  manipulation  of 
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the  3DP  process,  such  as  those  with  surface  compression  stresses  or  with  a  duplex  ZTA 
microsturcture. 


Figure  1:  Schematic  of  the  first  3DP-derived  ZTA  part  is  shown  on  left.  5  vol.  % 

ZrCb  slurry  was  printed  on  A1203  powder.  A  cross-section  of  the  CIPed 
and  fired  sample  is  also  shown.  Each  bright  feature  is  a  cross-section  of  a 
printed  line. 


Advanced  materials  for  medical  devices 

Computer-derived  microstructures  such  as  for  SCC  and  functionally  gradient  materials 
(FGM)  have  several  medical  applications  such  as  drug  delivery  devices  and  structures  for 
tissue  regeneration.  Our  focus  has  been  to  demonstrate  use  of  biomedical  polymers  with 
the  3DP  process  for  both  of  these  applications16  '9|.  Attempts  to  control  drug  release  rates 
of  implantable  and  oral  drug  delivery  devices  (DDD)  by  manipulating  the  geometric 
structure  of  the  devices  have  been  reported.  Cylindrical  rods  with  internal  pie  shapes, 
inwardly-releasing  hemispheres,  and  cylindrical  donuts,  represent  attempts  to  affect  release 
rates  by  modifying  macroscopic  shape1201.  These  complex  shapes  are,  however,  not  easily 
produced  by  conventional  methods.  Conventional  manufacturing  techniques  also  tend  to 
produce  homogeneous  blends  of  the  drug  and  matrix  material1211.  The  ability  to  control 
local  composition,  microstructure,  and  spatial  distribution  of  drugs,  makes  3DP  a  viable 
processing  technique  for  construction  of  DDD.  Prescriptive  dosage  regime  DDD  with 
controlled  gradients  in  drug  composition  and  matrix  microstructure  can  be  created  by 
3DP.  The  mechanism  of  resorption  can  be  controlled  by  selecting  the  appropriate  binder 
material. 

Tissue  regeneration  devices  are  structures  used  as  the  matrix  for  tissue  growth  during 
healing.  These  devices  are  proposed  for  use  in  cases  where  natural  tissues  have  been 
damaged  by  disease  or  trauma.  Generally  these  materials  are  resorbable  and  ultimately 
become  natural  tissue,  such  as  skin,  cartilage,  bone,  and  organ  tissue.  Medical  procedures 
based  on  this  approach  are  being  developed  for  a  number  of  applications.  Numerous 
authors  *  have  reported  that  optimal  devices  require  control  of  their  structure  over 
several  levels  of  structural  hierarchy,  including  gross  macroscopic  shape,  oriented  pores 
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and  channels,  and  microporosity.  The  ability  to  preferentially  promote  cell  migration  and 
angiogenesis,  for  example,  can  be  accomplished  by  directing  nutrient  delivery  in  a  complex 
cell  seeding  structure.  Precise  structural  control  beyond  random  microporosity  has  not 
been  achieved  by  conventional  processing  methods.  The  potential  to  also  intimately 
control  the  orientation  and  placement  of  porous  channels  and  the  overall  macroscopic 
shape  of  a  device  makes  3DP  an  ideal  process  for  producing  tissue  regeneration  devices. 
Below  we  describe  several  devices  that  demonstrate  reticulated  structures. 

Polyethylene  oxide  (PEO)  and  polycaprolactone  (PCL)  are  selected  as  matrix  materials 
for  trial  experiments  and  methylene  blue  and  alizarin  yellow  were  used  as  drug  models. 
The  dye  release  kinetics  is  controlled  by  either  specifying  the  position  of  the  dye  within  the 
device  or  by  controlling  the  local  microstructure  with  the  3DP  process.  The  dye  release 
rates  of  the  devices  are  characterized  by  placing  single  devices  into  individual  beakers 
filled  with  10  ml  water  at  room  temperature  (20°C).  Sample  solutions  are  collected,  and 
fresh  10  ml  of  water  is  replaced  at  appropriate  time  intervals.  Absorbance  for  methylene 
blue  (664  nm)  and  alizarin  yellow  (353  nm)  is  measured  for  all  samples  on  a  DU-640 
spectrophotometer.  Spectrophotometric  analysis  of  dye  release  yielded  reproducible 
results.  Three  examples  are  described  below. 

The  model  device  used  for  this  study  is  designed  to  demonstrate  regulation  of  drug 
release  profiles  by  controlling  position,  composition,  and  microstructure.  A  diagram  of 
the  device  is  shown  in  Figure  2a.  The  top  and  bottom  of  the  tabular  device  are  composed 
of  relatively  nonresorbable  PCL  while  the  interior  layers  are  composed  of  PEO  bound  by 
printing  binders  solutions  so  as  to  form  perpendicular  walls  in  the  interior  of  the  device. 
Dyes  are  deposited  in  selected  locations  within  the  device  during  the  build  procedure.  The 
top  and  bottom  sheets  of  dense  PCL  serve  as  barriers  against  dye  diffusion  since 
hydrolytic  degradation  of  PCL  occurs  much  slower  than  that  of  PEO.  Therefore  dye 
diffusion  during  resorption  is  confined  to  the  plane  of  the  device  since  the  top  and  bottom 
are  only  slowly  resorbable.  Figure  2b  shows  the  diagram  and  release  profile  of  a  device 
with  symmetrical  spatial  distribution  of  the  two  dyes  and  uniform  matrix  gradients.  All 
walls  in  this  device  are  identical  since  they  are  constructed  with  the  same  binder 
composition,  under  the  same  printing  conditions.  As  expected,  the  blue  and  yellow  dyes 
are  released  at  identical  rates  to  within  the  statistical  error  of  the  experiment. 

One  of  the  printing  parameters  which  can  be  modified  to  regulate  release  rates  is  the 
inter-line  spacing  of  the  lines  which  make  up  the  walls.  The  walls  of  the  device  in  Figure 
3a  are  chemically  identical,  but  physically  different.  Six  solid  walls  are  built  in  one 
direction  by  piinting  four  lines  closely  together.  Then  six  walls  are  constructed  in  the 
perpendicular  direction  by  printing  only  two  lines,  separated  from  each  other  by  unprinted 
powder.  All  walls  are  constructed  to  the  same  total  thickness.  The  device  shown  in 
Figure  3a  demonstrates  that  for  walls  of  equal  thickness  and  composition,  modification  of 
internal  wall  microstructure  can  affect  the  release  rate.  Here,  the  dyes  limited  by  solid 
walls  (4  connected  lines  per  wall)  are  released  at  a  slower  rate  than  dyes  limited  by  semi¬ 
solid  walls  (2  lines  per  wall,  spaced  apart  by  unprinted  PEO  powder).  It  should  be  noted 
that  other  piinting  parameters,  such  as  printhead  traverse  velocity,  binder  flow  rate,  and 
layer  thickness,  can  also  be  controlled  to  modify  release  rates.  3D  Piinting  also  feature 
the  ability  to  control  the  relative  position  of  the  dye  to  the  diffusion  barrier.  In  the  device 
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Figure  2a:  Diagram  of  the  model  drug  delivery  device. 

Figure  2b:  Release  profile  of  device  with  equal  spatial  distribution  of  dyes,  and 

identical  wall  structures. 


Binder:  30  wt%  acid  modified  PCL  in  chloroform;  Binder  per  Line  Length: 
2.85  x  10'4  cm^/cm;  Powder:  NaCl  75-150  um;  Layer  thickness:  150  um; 
These  devices  were  leached  in  water  for  24  hours  after  printing  and  drying 
to  produce  the  microporosity  visible. 


Binder:  26.5  wt%  acid  modified  PCL  in  chloroform;  Binder  per  Line 
Length:  3.33  x  10  cm^/cm;  Powder:  PCL  75-150  um;  Layer  thickness: 
250  um;  This  device  was  printed  horizontally  (vertical  direction  in  figure)  to 
produce  regions  with  different  density.  The  figure  shows  a  cross  section  of 
this  device.  Note  the  outer  channels  that  are  not  completely  open  due  to 
bleeding  of  the  binder  into  those  regions. 


shown  in  Figure  3b,  the  walls  are  identical  in  both  directions.  The  difference  in  release 
patterns  for  the  two  dyes  can  only  be  attributed  to  the  difference  in  spatial  distribution  of 
the  dyes  within  the  device.  This  release  profile  exhibits  two  maxima  in  the  methylene  blue 
release  rate  and  a  relatively  constant  release  rate  of  alizarin  yellow. 

Interconnected  pores  on  the  order  of  50-250  |im  within  a  device  provide  a  structure 
for  cell  proliferation,  migration,  excretion  of  matrix  materials,  and  blood  vessle  formation. 
Pores  with  width  greater  than  approximately  100  pm  can  be  built  directly  with  the  3DP 
process.  Building  a  device  with  smaller  pores  requires  the  inclusion  of  a  leachable 
component.  This  leachable  component  can  then  be  removed  after  printing.  An  example  of 
the  microporosity  created  by  this  process  is  shown  in  Figure  4.  These  pores  are  of  the 
correct  size  for  viable  cell  function  and  angiogenisis.  The  powder  bed  material,  in  this 
case  NaCl,  has  been  completely  leached  out  of  the  final  device.  Thus,  the  device  is  the 
first  3DP  device  of  any  kind  to  consist  only  of  material  delivered  through  the  printhead. 
Other  3DP  devices  incorporating  natural  materials,  such  as  bovine  bone,  have  been 
constructed.  In  this  case,  bone  powder  was  mixed  with  PCL  powder.  A  solvent  polymer 
solution  was  used  as  the  binder. 

A  cross  section  of  a  macroscopic  device  constructed  with  PCL  and  polymer  solution 
is  shown  in  Figure  5.  All  of  the  interior  channels  are  open,  but  some  of  the  channels  near 
the  dense,  high  binder  delivery  regions  are  obstructed.  This  is  likely  due  to  the  bleeding  of 
some  of  the  binder  into  the  void  regions. 


Final  perspective 

This  brief  report  represents  some  of  the  first  experiments  to  exploit  the  unusual 
capabilities  of  solid-free  form  fabrication  methods.  We  have  already  demonstrated 
unprecedented  control  of  microstructure  and  local  composition  using  the  3DP  method,  but 
other  SFF  technologies  will  undoubtedly  be  used  along  similar  lines.  Never  before  have 
materials  and  product  designers  had  the  ability  to  specify  structure  on  the  macro  and 
micro  level.  The  number  of  possible  applications  seems  innumerable.  Indeed,  our  most 
difficult  task  may  be  to  select  applications  to  develop  first.  An  important  consideration  for 
selection  of  the  appropriate  process  will,  however,  be  the  production  rate.  Components 
with  unique  microstructures  will  only  be  useful  if  thousands  of  parts  can  be  made.  3DP 
may  be  uniquely  qualified  to  address  this  manufacturing  issue.  Multijet  printing  is  now 
possible  on  3DP  machines  as  has  been  demonstrated  at  Soligen[261  and  at  MIT.  This  has 
dramatically  increased  the  production  rate  of  the  3DP  process.  Commercial  ink-jet  print 
heads  are  available  with  thousands  of  individually  controlled  jets.  Thus,  future  3DP 
machines  may  be  closer  to  production  tools  rather  than  tools  for  prototyping. 
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Abstract 

Various  forms  of  calcium  phosphate  compounds  are  prepared  from 
hydroxyapatite(Ca5(OH)(P04)3)  by  reacting  with  phosphoric  acid  (H3P04)  to  prepare 
powders  with  Ca/P  ratio  from  1  to  0.5  for  the  Selective  Laser  Sintering  (SLS) 
process.  These  powders  are  SLS  processed  using  polymer  as  an  intermediate  binder. 
The  produced  green  parts  are  infiltrated  with  the  calcium  phosphate  solution  and  fired 
to  bum  out  the  binder.  In  this  paper,  the  characterization  of  the  produced  parts  are 
examined  as  consequences  of  various  Ca/P  ratio,  SLS  operating  parameters,  and  post¬ 
processing  conditions. 


Introduction 

Since  DeJong  first  observed  the  similarity  between  powder  X  -  ray  diffraction 
pattern  of  the  in  vivo  mineral  and  the  hydroxyapatite  (Ca5(0H)(P04)3  ,HA)  in  1926, 
the  calcium  phosphate  ceramics  have  received  attention  as  a  bone  substitute  material. 

Five  calcium  phosphates  which  exhibit  different  X-ray  diffraction  patterns  are 
known  to  be  precipitated  from  aqueous  solution  at  normal  pressure.  [1]  These  are 
Ca(H2P04)2,  Ca(H2P04)2.H20,  CaHP04 ,  CaHP04.2H20,  and  crystalline 

precipitate  of  variable  composition  of  hydroxyapatite  with  the  base  formula 
Ca5(0H)(P04)3.  Various  forms  of  calcium  phosphate  compounds,  Ca/P  ratio  range 
from  0.5  to  1,  are  prepared  from  HA  by  reacting  with  phosphoric  acid  .  Thermally 
dehydrated  calcium  phosphates  are  known  to  form  a  CaO  and  P205  binary  system.  It 
is  known  that  for  the  CaO  and  P205  binary  system,  the  chain  phosphates  appear 
between  the  orthophosphate  (mole  ratio  of  Ca0/P205  =3)  and  metaphosphate  (mole 
ratio  of  Ca0/P205  =1)  and  ultraphosphate  for  which  mole  ratio  of  Ca0/P205  less 
than  1 .  Particularly  in  the  case  of  metaphosphate,  very  high  degree  of 
polymerization  and  as  a  consequence,  good  mechanical  properties  are  reported.  In 
this  binary  system,  mole  ratio  of  Ca0/P205  less  than  55/45  forms  a  glass-like 
structure  from  the  melt,  and  its  mechanical  properties  are  known  to  be  nearly  same  as 
those  of  natural  teeth.  [2] 
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Materials  and  Methods 


HA  was  obtained  from  Monsanto  Inc.  as  Tricalcium  phosphate  and  phosphoric 
acid  was  purchased  from  Fischer  Scientific  in  85  %  concentration.  As  an 
intermediate  polymeric  binder,  emulsion  poly(mcthyl  mcthacrylatc-co-n-butyl 
methacrylate)  copolymer  with  a  Melt  Index  of  30.9  g/lOmin.  at  75  psig  and  200°C 
was  used. [3] 

The  mercury  porosimeter,  Poresizer  9320  from  Micromcretics  was  used  to 
determine  the  surface  area  of  the  powder.  The  powder  samples  were  heated  to  expel 
the  absorbed  moisture  and  then  stored  in  desiccator  until  analyzed.  The  sample  in 
penetrometer  was  initially  evacuated  to  25  /»Hg.  Mercury  was  then  admitted  and 
pressure  was  increased  up  to  30,000  psi  which  is  capable  of  measuring  pore  size  of 
0.006  wm.  Contact  angle  of  130°  was  used. 

The  particle  size  distributions  of  powders  arc  measured  by  a  Coulter  Multisizcr. 

1.  Powder  preparation 

(1)  calcium  metaphosphate  (  {Ca(P03)2}ni  CMP  ) 

25 1  g  of  HA  was  reacted  with  403g  of  85  %  phosphoric  acid,  diluted  with  1 50  g 
of  water  according  to  the  following  equation. 

room  Temn 

Ca5(0H)(P04)3  +  7H3P04  - >  Ca(H2P04)2*  H20 

The  prepared  paste  was  dried  at  the  room  temperature  and  then  heated  at  150  °C 
to  drive  out  the  moisture. 

150  -  200  T 

Ca(H2P04)2  .H20  - >  Ca(H2P04)2  +  H20 

The  above  equations  arc  not  quite  exact  because  of  the  difficulty  in  writing  a 
simple  formula  Ca5(0H)(P04)3  for  the  HA  compositions  which  docs  not  take  into 
account  the  variable  composition  or  the  amount  of  hydration.  However,  the  reaction 
product  was  confirmed  by  the  X-ray  diffraction  analysis.  Powder  that  is  heated  at 
150  °C  exhibits  the  X-ray  diffraction  pattern  of  mixture  of  Ca(H,P04)2  and 
Ca(H2P04)2  «H20.  This  powder  is  further  dehydrated  by  heating  to  900  °C  in  a 
porcelain  crucible  to  form  stable  |3  -calcium  metaphosphate  (CMP)  which  is 
theoretically  composed  of  28  wt  %  of  CaO  and  72  %  of  P205  and  reported  to  have 
average  chain  length  of  10, 000. [4]  The  X-ray  diffraction  pattern  of  CMP  made  by 
described  method  is  compared  to  the  standard  pattern  in  Figure  1 . 

600  -  700°C 

Ca(II2P04)2  . - . ->  Ca(P03)2  +  2H20 

This  thermally  coalesced  compound  is  ground  by  a  Szcgvary  attritor  system,  type 
1 HSA  to  be  mixed  with  polymer  for  SLS  processing. 

(2)  Calcium  pyrophosphate  (Ca2P20y  CPP) 

CPP  was  prepared  from  the  251  g  of  HA  reacted  with  196  g  of  85  %  phosphoric 
acid  by  the  same  way  described  in  the  CMP  preparation. 

1 50  -  200  °C 

Ca5(OH)(P04)3  +  2H3P04  - >  CaHP04  2H20  +  H20 

700  -  750  °C. 

2CaHP04»2H20  - >  Ca2P207  +  5H20 
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(3)  Calcium  phosphate  with  35  wt  %  of  CaO(35CaP) 

251  g  of  HA  was  reacted  with  251  g  of  85  %  phosphoric  acid.  X-ray  diffraction 
pattern  of  this  powder,  as  shown  in  Figure  1 ,  was  identified  by  JADE  X-ray  peak 
identifying  program  as  mixture  of  major  phase  of  4Ca03P205  and  minor  phase  of 
CPP. 

(4)  CPP  with  1  wt.%  of  NaO  (INaCPP) 

The  prepared  CPP  powder  was  mixed  with  1  weight  percent  of  NaO  to  depress 
the  melting  temperature  in  order  to  study  the  influence  of  surface  area  of  the  powder 
on  green  strength.  INaCPP  was  thermally  coalesced  at  1020°C  and  then  ground  in 
the  attritor.  The  ball  milling  time  was  controlled  to  have  different  particle  size  and 
consequently  surface  area.  Three  samples  of  pore  surface  area,  1.8  ,  1.4,  and  1.1 
m2/g,  were  measured  by  mercury  porosimeter. 

2.  SLS  Processing 

CMP  powder  is  mixed  with  15  wt.%(30  vol.%)  polymer  and  SLS  processed  with 
the  following  conditions. 


Tab 


e  1 .  SLS  parameters 


Power 

(W) 

Scan  Space 
(mil) 

BeamSpeed 

(ips) 

Layer 

thickness 

Bed  Temp. 

CO 

7.5 

5 

25 

5 

90 

3.  Post  processing 

(1)  Firing  The  green  parts  are  fired  up  to  sintering  temperature  to  remove  the 
polymer  and  subsequently  to  sinter.  The  temperature  was  raised  at  the  average  rate 
of  16°C/min  up  to  500°C  and  then  raised  slowly  to  880°C.  The  parts  were  held  at 
880°C  for  2  hours  and  cooled  down  slowly.  During  the  firing,  the  parts  were  kept 
in  lightly  packed  HA  powder  to  help  maintain  the  shape  and  provide  even  heat 
distribution  to  reduce  curling.  HA  was  chosen  as  packing  material  due  to  its  low  bulk 
density,  less  than  0.5  g/cm3  and  high  melting  temperature.  Low  density  material  is 
critical  when  fire  the  complex  shape  parts  because  thermal  stress  create  cracks 
between  layers.  The  fired  polymer  free  parts  are  then  infiltrated  with  calcium 
phosphate  solution. 

(2)  Infiltration  Infiltration  of  ceramic  cement  in  a  green  structure  was  proposed 
as  an  alternative  of  high  temperature  sintering.[5]  Due  to  the  severe  restriction 
imposed  on  selection  of  cement  for  biomedical  applications,  the  calcium  phosphate 
solution  was  chosen  as  the  infiltrant.  For  the  effective  penetration  through  the  pore, 
the  calcium  phosphate  have  to  be  dissolved  completely  in  biologically  acceptable 
media.  In  essence,  calcium  phosphate  paste  was  prepared  by  mixing  HA  and 
phosphoric  acid  and  then  diluted  by  adding  water  to  form  slurry.  The  prepared  slurry 
is  dissolved  in  boiling  water.  It  is  found  that  15g  of  HA  with  60  g  of  85  % 
phosphoric  acid  is  good  composition  when  dissolved  in  boiling  water  to  make  about 
120  ml  of  solution.  Complete  thermal  dehydration  and  condensation  of  this  solution 
around  600°C  forms  non  porous  and  transparent  ultraphosphate  glass  that  contains  of 
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15.7%  CaO.  Infiltration  is  performed  mainly  by  capillary  action.  After  pores  are 
saturated  with  infiltrant,  the  parts  are  allowed  to  dry  and  then  fired  at  the  appropriate 
temperature  according  to  the  expected  final  Ca/P  ratio.  It  is  found  that  when  pores 
arc  saturated  upon  infiltration,  the  resulting  weight  gain  is  inversely  proportional  to 
the  initial  density. 

Results  and  discussion 

The  SLS  processed  CMP  green  parts  have  density  about  0.91  ±0.03  g/cm3,  33  % 
of  theoretical  density  with  the  fracture  strength  of  130  ±20  psi  which  is  good  enough 
to  permit  rough  handling  of  complex  bone  shapes,  such  as  that  shown  in  Figure  2. 
This  craniofacial  image  composed  of  27  different  layers  was  created  from  Computed 
Tomographic  scans  of  a  human  temporal  bone. [6]  This  part  is  approximately  four 
inches  long  and  one  and  half  inch  thick  with  very  well  defined  cavities. 

However,  35CaP  green  parts  have  density  of  0.83g/cm3with  the  fracture  strength  of 
40  ±  10  psi  .  This  relatively  low  strength  of  the  latter  parts  are  attributed  to  smaller 
particle  size,  consequently  higher  surface  area  of  powder  than  that  of  CMP  powder. 

In  the  powder  preparing  step,  the  firing  temperature  900°C  was  sufficient  to  coalesce 
CMP,  melting  point  of  985°C.  However,  for  35CaP  powder,  which  has  a 
higher  melting  temperature,  900°C  was  not  high  enough  to  coalesce  the  powder.  The 
resulting  powder  has  very  high  surface  area.  This  reasoning  is  verified  when  CPP 
powder,  fired  at  1300  C  for  2  hours,  then  ground  in  the  attritor  and  classified  to  a 
mean  diameter  of  30pm,  showed  good  green  strength  with  15  wt.%  polymer  whereas 
the  powder  fired  at  900°C,  ground  to  a  mean  diameter  of  2pm,  barely  sintered  at  all. 
Also,  INaCPP  powder  of  surface  area  of  1 .8  m2/g  was  barely  sintered  and  surface 


area  of  1.4  m2/g  was  sintered  slightly  with  loose  powder.  Whereas  the  powder  of 
surface  area  of  1.1  m2/g  showed  very  good  strength. 


(A) 


Figure  1.  X-ray  diffraction  patterns 

(A)  Pattern  for  35CaP  powder. 

(B)  A  Pattern  for  CMP  powder  as  prepared. 

A  Pattern  for  35CaP  after  infiltrated  and  fired. 

*  The  standard  patterns  are  presented  in  small  box 
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Figure  2.  SLS  processed  craniofacial  image  from  CMP  powder. 

density  vs  strength 


Figure  3.  Three  point  bending  strength  VS.  density  of  fired  part  and  post  processed  part 

CMP  green  parts  were  fired  at  880°C  for  2  hours.  The  fired  CMP  parts  showed  3 
point  bending  strength  about  400  psi  and  a  density  of  about  0.97g/cm3,  corresponding 
to  a  17%  volume  shrinkage.  And  the  strength  of  about  2700  psi  part  was  obtained  by 
firing  at  940°C  for  1  hour  with  a  density  of  about  1.4g/cm3.  The  polymer  free  parts 
with  a  density  of  about  0.97g/cm3  were  infiltrated  as  described  earlier.  For  the 
CMP  parts,  first  infiltration  resulted  in  3 1±2  %  weight  gain  after  firing  725°C  and 
strength  of  1 100  psi  and  more  infiltration  increased  the  density  about  50  %  and 
strength  about  1 500  psi.  Strength  vs.  density  data  are  shown  in  figure  3.  Further 
infiltration  caused  the  parts  to  melt  and  deform  inhomogencously  at  725°C,  which 
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could  indicate  existence  of  Ca/P  concentration  gradient  through  the  part.  This  even 
lowered  the  strength  of  the  part.  The  fractured  surface  of  this  part  showed  randomly 
distributed  vitrified  parts.  It  is  believed  that  inflitrant,  which  is  ultraphosphatc,  filled 
up  the  pore  and  formed  a  phosphate  glass.  This  part  were  ground  back  to  the 
powder  for  the  X  -  ray  diffraction  analysis.  There  was  no  big  noticeable  difference 
in  X  -  ray  patterns  between  before  and  after  infiltration.  This  indicating  that  no  new 
crystalline  phase  had  been  formed.  For  the  35CaP  fired  part,  the  first  infiltration 
caused  about  40  %  weight  gain  due  to  the  lower  green  density,  and  further  infiltration 
increased  the  strength  to  about  3500  psi .  X-ray  diffraction  analysis  indicate  that 


(A)  (B) 

Figure  4.  Scanning  Electron  Micrographs  of  porous  fractured  surface  (A)  fired.  (B)  fired  and 
infiltrated.  (X  200  ) 


initial  powder  which  was  mixture  of  major  phase  of  4Ca03P205  and  minor  phase  of 
CPP  was  converted  to  calcium  metaphosphate  after  post  processing.  Figure  1  (B) 
shows  this  phase  transformation.  The  morphology  of  the  fired  and  infiltrated  fracture 
surface  arc  shown  in  Figure  4.  It  is  noticeable  that  infiltration  make  the  more 
necking  between  the  grains.  The  pores  arc  well  interconnected  and  the  pore  size  is 
approximately  larger  than  50  \im. 

The  firing  step  causes  the  part  to  shrink,  which  is  not  desirable  because  one  of 
the  purpose  of  the  SLS  for  implant  material  is  construction  of  the  accurate  facsimile 
bone  structure  from  the  geometric  information  obtained  from  patient  computed 
tomography  data.  Even  worse,  the  shrinkage  is  not  isotropic.  Linear  shrinkage  in 
thickness  is  much  larger  than  that  in  width  or  length,  due  to  the  nature  of  layer-wise 
construction  of  parts  in  SLS  process.  In  the  attempt  to  avoid  the  shrinkage,  it  is 
proposed  that  infiltration  should  be  performed  on  a  green  part  while  the  polymer 
present.  [7] 
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Conclusion 


It  has  been  shown  that  complex  and  delicate  bone  shape  parts  can  be  fabricated 
from  CT  data  by  using  selective  laser  sintering  process.  It  has  also  been  shown  that, 
in  order  to  make  denser  porous  calcium  metaphosphate  parts,  calcium  rich  powder 
are  SLS  processed  and  calcium  phosphate  solution  are  then  to  be  infiltrated  to 
convert  the  parts  to  metaphosphate.  However,  there  are  still  many  problems  to  be 
investigated.  Some  of  these  problems  are  understanding  of  effect  of  the  surface  area 
and  micro  porosity  on  green  strength,  controlling  the  infiltration  step  to  end  up  with 
metaphosphate  composition  according  to  Ca/P  ratio  of  initial  powder,  and  optimum 
firing  temperature  and  cycle. 
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A  Histogram  -  Based  Algorithm  for  Semiautomated  Three-Dimensional  Craniofacial  Modeling 

by  Richard  A.  Levy,  M.D. 

Department  of  Radiology 
University  of  Michigan  Hospitals 

Introduction:  Volume  averaging  artifacts  in  medical  imaging  result  from  voxel  occupancy  by 
more  than  one  tissue  type  and,  with  anisotropic  voxels,  may  be  decreased  by 
changing  the  imaging  plane  orientation  relative  to  the  target  tissue  and/or  by 
decreasing  slice  thickness.1 

In  craniofacial  CT  imaging,  volume  averaging  artifact  becomes  significant  in  areas 
of  thin  bone  such  as  the  orbital  walls  and  auditory  ossicles.  These  regions  are 
customarily  imaged  using  multiple  scan  planes  and  the  thinnest  slices  possible  to 
reduce  such  artifacts.  In  three-dimensional  craniofacial  imaging,  these  same 
parameters  may  be  controlled  to  reduce  partial  volume  averaging,  but  areas  of  bone 
"drop-out"  (also  called  pseudoforamina)  are  commonly  present  secondary  to  a 
paradoxical  inability  to  lower  thresholds  without  including  unwanted  background 
tissues.  At  present,  the  optimal  solution  to  this  problem  is  achieved  by  manually 
(and  often  painstakingly)  drawing  a  region  of  interest  around  tissues  presumed  to 
contain  volume  averaged  target  density  voxels  and  lowering  thresholds  to  include 
these  voxels  in  the  3D  reconstruction,  one  CT  slice  at  a  time. 

Recently,  anatomic  modeling  technologies  have  demonstrated  the  feasibility  of 
assembling  particulate  hydroxyapatite  (synthetic  bone)  into  detailed  craniofacial 
models  of  high  anatomic  accuracy,  theoretically  suitable  for  in  vivo  implantation 
(work  in  progress  with  the  Department  of  Mechanical  Engineering,  University  of 
Texas  at  Austin.)  These  modeling  systems,  such  as  stereolithography  and  selective 
laser  sintering,  operate  as  do  3D  imaging  workstations,  using  thresholds  to 
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include/exclude  pixels  from  CT  data  sets  in  the  modeling  process.  However,  the 
user  interactive  capabilities  of  such  technologies  may  be  limited  such  that  manual 
tracing  of  regions  of  volume  averaged  thin  bone  is  not  possible.  Drop-out  artifacts 
in  models  so  generated  would  be  potentially  larger  than  on  corresponding  3D 
images  where  user  input  could  reduce  these  artifacts.  To  circumvent  this  inability  to 
manually  correct  volume  averaging  artifacts  on  anatomic  modeling  systems,  and  to 
relieve  the  intensive  operator  input  required  to  otherwise  achieve  this  goal  on  3D 
imaging  software,  a  histogram-based  algorithm  for  semiautomated  three- 
dimensional  craniofacial  modeling  was  developed. 

Materials  CT  data  sets  from  5  axially  and  coronally-scanned  embryologic 

and  Methods:  craniofacial  specimens  (aged  18  to  33  weeks)  were  used  to  generate  one¬ 
dimensional  histograms  of  entire  imaging  volumes.  Histograms  were  constructed 
with  the  y-axis  representing  frequency  and  the  x-axis  representing  CT  number  in 
Hounsfield  units.  Superimposition  of  histograms  from  corresponding  orthogonal 
CT  data  sets  from  each  case  tested  the  hypothesis  that  voxel  anisotropy  produces 
divergence  of  corresponding  segments  of  the  histograms  over  ranges  of  Hounsfield 
density  in  which  partial  volume  averaging  occurs.  These  regions  of  volume 
averaging  were  predicted  from  prior  phantom  trials  based  upon  1)  divergence  of  the 
histograms  and/or  presence  of  an  asymmetric  "tail"  in  an  otherwise  symmetric 
tissue  distribution  2)  very  small  numbers  of  pixels  compared  to  the  large 
populations  of  bone,  soft  tissue/water  and  air  and  3)  locations  intermediate  in 
Hounsfield  density  to  the  standard  tissue  distributions  (Figures  la  and  lb). 
Thresholds  based  on  these  assumptions  and  on  prior  experimentation  with  this  CT 
phantom  applied  to  the  histograms  were  compared  with  CT  image-derived  operator- 
selected  thresholds.  Most  bone  density  pixels  were  identified  using  a  simple 
formula  obtained  from  prior  phantom  trials,  T=0.16ID-Dol+Do,  where 
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Results: 


T=threshold,  D=mean  of  bone  pixel  distribution,  and  Do=mean  of  soft  tissue 
distribution.2  In  cases  in  which  volume  averaging  was  predicted  from  the 
histograms,  the  corresponding  threshold  ranges  were  expanded  and  contracted  to 
assess  the  "uniqueness"  of  the  predicted  threshold  ranges.  All  3-dimensional  CT 
images  were  generated  using  a  volumetric  rendering  algorithm.  Pathologic 
correlation  consisting  of  craniofacial  specimen  photographs  was  available  in  some 
cases. 

Only  in  1/5  cases  (the  33  week  specimen)  could  bone,  soft  tissue/water  and  air 
populations  all  be  identified  from  the  histograms.  In  the  remaining  4/5  cases,  only 
bone  and  air  "peaks"  were  identified,  with  soft  tissue/water  voxels  distributed  more 
broadly  over  less  well-defined  Hounsfield  density  ranges.  The  ability  to  set 
thresholds  was  related  to  the  ease  with  which  the  means  of  these  tissue  populations 
could  be  identified. 

In  3/5  cases,  inspection  of  the  histograms  permitted  identification  of  discrete  ranges 
of  Hounsfield  density  over  which  partial  volume  averaging  occurred.  As 
anticipated,  inclusion  of  non-osseous  volume  averaged  voxels  in  the  3D 
reconstructions  also  occurred,  principally  at  air-tissue  interfaces  such  as  the  skin 
surface  and  surface  of  mucous  membranes  (Figure  2).  In  all  cases  in  which  volume 
averaging  was  predicted  from  the  histograms,  expansion  of  the  threshold  ranges 
beyond  those  predicted  yielded  inclusion  of  non-osseous  tissue  in  the  3D 
reconstructions.  In  2/3  of  these  cases,  contraction  of  the  threshold  ranges  caused 
loss  of  bone-density  voxels  from  anatomic  regions  where  bone  was  observed  to 
fill-in  using  the  predicted  threshold  ranges  (Figure  2).  In  the  remaining  case, 
pathologic  verification  was  not  available. 
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Discussion: 


While  volume  averaging  artifacts  may  be  tolerated  in  3D  craniofacial  imaging,  they 
become  more  critical  in  craniofacial  modeling,  especially  with  the  expectation  that 
biosynthetic  (e.g.,  hydroxyapatite)  implants  will  promote  osteoneogenesis.3-4 
Tolerance  of  "drop-out”  artifacts  in  a  craniofacial  implant  will  depend  on  the  size 
and  location  of  such  defects. 

The  histogram-based  thresholding  algorithm  presented  in  this  essay  proposes  to 
diminish  volume  averaging  artifact  as  well  as  the  operator  time  involved  in  the 
generation  of  craniofacial  implants  from  CT  data.  At  present,  the  rate  limiting  factor 
is  the  time  required  for  data  transfer  from  the  CT  console  to  the  generation  of 
histograms. 

Optimally,  this  process  results  in  a  single  threshold  on  the  order  of  150  HU,  as  well 
as  a  range  of  lower  CT  density,  e.g.,  -100  to  -400  HU  (Figure  2).  For  the  purpose 
of  anatomic  modeling,  undesired  volume  averaged  tissues  such  as  the  skin  surface 
can  be  dissected  from  the  implant. 

A  potential  pitfall  to  this  method  is  its  dependency  upon  the  presence  of  well- 
defined  bone,  water/soft  tissue  and  air-density  histogram  populations  to  permit  the 
initial  selection  of  thresholds.  It  is  likely  that  the  small  specimen  size  used  in  this 
experiment  contributed  to  the  absence  of  definable  water/soft  tissue  peaks  in  most 
cases,  especially  since  the  expected  tissue  distributions  were  achieved  only  with  the 
largest  (33  week)  specimen.  While  the  utilization  of  such  small  craniofacial 
specimens  has  the  advantage  of  eliminating  (potential  positionally-dependent)  beam 
hardening  artifacts,  it  is  anticipated  that  further  trials  with  this  method  will  occur 
with  postnatal  and  adult  subjects. 

Another  potential  pitfall  awaiting  evaluation  in  clinical  trials  of  this  algorithm  arises 
from  the  fact  that,  in  the  present  experiment,  the  imaging  volume  encompassing 
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the  entire  craniofacial  specimen  was  included  in  both  the  paired  axial  and  coronal 
data  sets.  In  the  clinical  setting,  this  may  not  be  possible,  making  identification  of 
volume-averaged  voxels  more  challenging. 
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Legend  to  Figures 

Figure  la  Superimposition  of  one  dimensional  histograms  of  a  polyvinylchloride  phantom 
scanned  in  water  from  the  axial  (->)  and  coronal  (t)  planes.  The  y-axis  indicates 
frequency.  Tcalc  =  average  Hounsfield  density  of  the  means  of  the  water  and  phantom 
pixel/voxel  distributions.  Top  ->,  Top  t  =  operator-selected  thresholds  for  3D 
reconstructions  generated  from  axial  and  coronal  data,  respectively.  Note  gradual 
upslope  ("tail")  as  well  as  slight  divergence  of  the  histograms  in  the  intervals  defined  by 
Tcalc  and  Top,  with  the  histogram  generated  from  coronal  data  (T)  having  the  larger 
number  of  pixels.  The  intervals  defined  by  Tcalc  and  Top  were  demonstrated  to 
contain  volume  averaged  voxels  in  submillimeter  structures  in  the  phantom  that  "filled- 
in"  using  the  lower  thresholds,  Top.  These  structures  were  better  visualized  on  3D 
imaging  using  the  axial  (-»)  data  at  a  numerically  larger  Top,  consistent  with  less 
volume  averaging  in  the  axial  (->)  2D  CT  data  set. 
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Figure  lb 


Figure  2a 
Figures  2b,2c 


Figure  2d 
Figure  2e 


Figure  2f 


Figure  2g 


Figure  2h 


Figure  2i 


Superimposed  one  dimensional  histograms  generated  from  axial  and  coronal  2D  CT 
data  sets  of  a  33  week  craniofacial  specimen  with  holoprosencephaly.  Note  "inversion" 
of  the  histograms  between  - 100  and  -400  HU,  with  the  coronal  data  set  having  the 
greater  number  of  pixels/voxels.  Volume  averaged  voxels  would  be  expected  to  appear 
on  3D  reconstruction  using  an  additional  threshold  of  -100  to  -400  HU,  with  greater 
"fill-in"  on  the  3D  reconstruction  generated  from  coronal  data. 

Photograph  of  the  33  week  holoprosencephalic  specimen.  Note  intact  frontal  bones. 

3D  reconstructions  from  axial  (2b)  and  coronal  (2c)  data  using  operator-selected 
thresholds  of  183  and  186,  respectively.  Note  better  "fill-in"  of  frontal  bone  voxels 
using  axial  data. 

3D  reconstruction  from  coronal  data  using  the  histogram-derived  threshold  of  130. 

3D  reconstruction  from  coronal  data  using  the  combined  thresholds  of  130  and  -100  to 
-400.  Note  "fill-in"  of  frontal  bone  voxels(*)  as  well  as  other  volume  averaged  tissues 
such  as  the  skin  surface  (arrow)  and  mucous  membrane  surface  (double  arrows). 

Same  as  in  2e  but  using  axial  data,  illustrating  inclusion  of  skin  surface  and  mucous 
membrane  volume  averaged  voxels  to  a  similar  extent  as  with  the  coronal  data  set.  This 
indicates  that  the  region  of  histogram  divergence  between  -100  to  -400  HU  in  Figure  lb 
where  the  coronal  data  set  contains  a  greater  number  of  voxels  corresponds  to  volume 
averaged  frontal  bone  voxels  in  the  coronal  data  set.  Voxels  between  -100  to  -400  HU 
are  color  coded  in  grey. 

Same  as  in  2e  but  with  lower  threshold  expanded  to  -100  to  -500  HU.  Note 
appearance  of  background  shroud  (arrow).  Voxels  from  -100  to  -500  HU  are  color- 
coded  in  grey. 

Same  as  in  2e  but  with  lower  threshold  contracted  to  -150  to  -250.  Note  drop-out  of 
bone  density  voxels  from  the  frontal  bones  (arrow). 

Same  as  in  2e  but  with  threshold  of  -100.  Note  fill-in  of  soft  tissue  between  skin 
surface  and  bone,  and  drop-out  of  bone  voxels  from  the  frontal  bones  (*). 
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Stereolithography  Epoxy  Resins  SL  5170  and  SL  5180: 
Accuracy,  Dimensional  Stability,  and  Mechanical  Properties 


Dr.  Thomas  H.  Pang 
3D  Systems  Corporation 
Valencia.  California.  U  S. A, 


Abstract 

Stereolithography  (SL)  resins  based  on  epoxy  chemistry  provide  significantly  improved  overall 
part  accuracy,  dimensional  stability,  and  mechanical  properties  relative  to  the  earlier  acrylate  SL  resins. 

In  July,  1993,  epoxy-based  SL  5170  resin  was  introduced  for  use  on  the  SLA-250  system.  In  March, 

1994,  the  epoxy-based  resin  for  the  SLA-500  system.  SL  5180.  was  also  released.  These  epoxy  resins 
have  minimal  laser-cure  and  post-cure  shrinkage,  resulting  in  extremely  low  curl  and  distortion.  Overall 
dimensional  accuracy  has  also  improved.  Standard  User-Parts  built  in  SL  5170  on  the  SLA-250,  and 
now,  SL  5180  on  the  SLA-500,  have  recently  achieved  the  highest  level  of  dimensional  accuracy  from  a 
statistically  significant  number  of  measurements  taken  in  the  x.  y,  and  z  directions.  Diagnostic  test  results 
presented  in  this  paper  show  that  these  epoxy -based  resins  are  now  capable  of  producing  extremely  flat 
parts  when  required.  SL  parts  built  in  these  resins  also  exhibit  superb  dimensional  stability  in  the  laser- 
cured  state,  as  demonstrated  by  the  “Green”  Creep  Distortion  diagnostic  test.  Dimensional  stability  in  the 
laser-cured  state  is  critical,  especially  for  SL  parts  having  the  characteristic  quasi-hollow  internal 
structure,  generated  using  the  QuickCast IM  build  style.  Creep  results  arc  presented  in  this  paper. 
Furthermore,  the  overall  mechanical  properties  of  these  epoxy  resins  were  measured  according  to  the 
ASTM  standards  for  plastics.  Tensile,  flexural,  and  impact  properties  for  the  epoxy-based  and  acrylate- 
based  SL  resins  arc  presented  in  this  paper.  Mechanical  properties  of  thermoplastics,  acry  lic  plastic 
(PMMA)  and  medium  impact  polystyrene,  arc  also  presented  for  comparison.  The  data  shows  that  the 
mechanical  properties  of  epoxy -based  SL  5170  and  SL  5180  are  comparable  to.  or  exceed  those  of  acrylic 
plastic  and  medium  impact  polystyrene. 

For  applications  that  require  greater  mechanical  strengths  than  SL  5170  and  SL  5180,  metal 
parts  can  be  obtained  using  QuickCast.  QuickCast.  made  possible  with  the  dev  elopment  of  these  epoxy- 
based  SL  resins,  is  the  key  to  successfully  utilizing  SL  parts  for  shell  investment  casting  applications,  and 
the  generation  of  precision  metal  components  directly  from  SL  parts.  Furthermore,  when  a  “negative” 
core  and  cavity  pair  of  a  part  geometry  is  produced  in  metal  using  QuickCast.  tooling  is  obtained. 
Prototype,  and  eventually,  production  functional  parts  may  then  be  ultimately  injection  molded  in  the 
QuickCast  tooling,  using  the  desired  engineering  thermoplastic  material. 


Introduction 

In  July,  1993,  3D  Systems  Corporation  introduced  the  first  epoxy-based 
stereolithography  (SL)  resin,  SL  5170,  developed  jointly  with  Ciba-Geigy,  Limited.  The 
epoxy-based  SL  resin  photopolymerizes  via  cationic  chemistry,  as  opposed  to  the  common 
free-radical  chemistry  of  acrylate-based  resins.  The  epoxy  resin  has  demonstrated  many 
significant  advantages  over  the  conventional  acrylate  SL  resin  systems1.  SL  parts  built  in 
the  SL  5170  resin  showed  a  high  level  of  overall  accuracy,  improved  flatness,  and  superior 
dimensional  stability.  These  properties  allow  one  to  generate  solid  SL  parts  of  exceptional 
accuracy.  However,  SL  5170  resin  is  only  suitable  for  building  on  an  SLA- 190  or  250 
machine,  which  uses  the  Helium-Cadmium  (HeCd)  laser.  In  March,  1994,  Ciba-Geigy 
and  3D  Systems  released  an  epoxy-based  resin  for  the  SLA-500.  The  SL  5180  resin  was 
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developed  specifically  for  use  with  argon  ion  laser  systems.  The  dimensional  accuracy  for 
this  resin  also  had  to  be  determined,  on  the  SLA-500. 

As  you  will  see  in  this  paper,  these  epoxy  resins  have  major  advantages  over  the 
conventional  acrylate  resins.  Significant  improvements  were  realized  in  the  overall 
accuracy,  flatness,  and  dimesional  stability  of  SL  parts.  Also,  parts  built  in  these  resins 
exhibit  substantial  and  reproducible  improvements  in  their  mechanical  properties,  relative 
to  conventional  SL  acrylate  resins  systems.  These  properties,  and  a  number  of  other 
properties  characteristic  of  the  epoxy  resins,  were  also  responsible  for  achieving 
QuickCast  capability.  Finally,  the  release  of  epoxy  resins  SL  5170  and  SL  5180 
culminated  with  the  QuickCast  capability,  for  both  SLA-250  and  SLA-500  systems. 

QuickCast  SL  parts  have  continued  to  succeed  in  directly  generating  precision 
metal  parts  using  SL  5170  or  the  SL  5180  epoxy  resins, 2,3  including  the  generation  of 
QuickCast™  Tooling  in  A-2  tool  steel.4  Direct  functional  testing  of  SL  parts  built  in  the 
solid  build  style  called  ACES  ™  ,  is  also  attractive  due  to  the  remarkable  optical  clarity 
and  improved  surface  finish,  in  addition  to  the  improved  mechanical  properties  presented 
in  this  paper. 

This  paper  focuses  on  three  major  dimensional  properties,  to  demonstrate  the 
accuracy  achieved  by  SL  5170  and  SL  5180  epoxy.  Among  various  diagnostic  tests 
available  to  characterize  SL  resins  and  build  processes,  the  following  three  methods  were 
chosen.  The  overall  dimensional  part  accuracy  is  demonstrated  by  the  statistically 
significant  SL  User-Part  analysis.5  Part  flatness  is  determined  by  the  Slab  6X6  flatness 
test.6  Finally,  the  dimensional  stability  of  the  laser-cured  (“green”)  SL  resins  are 
demonstrated  by  the  Green  Creep  Distortion  test.1  The  latest  results  are  reported  in  this 
paper. 

In  addition,  this  paper  discusses  the  mechanical  properties  relevant  to  SL  users 
including  tensile,  flexural,  and  impact  properties  of  various  commercially  available  SL 
resins,  measured  according  to  ASTM  (American  Standards  for  Testing  and  Materials) 
standards.  Mechanical  properties  of  thermoplastics  such  as  acrylic  plastic  (PMMA)  and 
medium  impact  polystyrene  are  also  presented  for  comparison. 


Dimensional  Properties  of  SL  Resins 

Rapid  Prototyping  and  Manufacturing  (RP&M)  technology  will  not  survive 
without  adequate  and  repeatable  dimensional  accuracy  necessary  for  end  use  applications. 
To  advance  the  RP&M  technology,  two  simple,  but  fundamental  requirements  must  be 
met.  On  the  one  hand,  the  user  must  have  an  understanding  of  the  level  of  accuracy  and 
tolerances  required  for  his  application.  On  the  other  hand,  the  RP&M  machine  supplier 
has  a  responsibility  to  present  statistically  significant  data  adequate  to  define  the 
dimensional  accuracy  and  repeatability  that  can  be  achieved  by  that  RP&M  machine. 
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Figure  1 

The  User-Part  Accuracy  Test 

The  User-Part  accuracy  diagnostic,  described  in  detail  elsewhere5  7  was  designed 
by  the  North  American  Stereolithography  User  Group  just  for  that  purpose.  The  key 
aspect  of  this  accuracy  diagnostic  test  is  the  statistical  significance  of  data  obtained  from 
accurately  measuring  170  dimensions  from  each  User-Part  on  a  coordinate  measuring 
machine  (CMM).  The  statistical  significance  increases  as  the  number  of  User-Parts  tested 
increases,  therefore  multiple  parts  are  built.  Multiple  User-Parts  also  determine  the 
repeatability  of  the  process. 

The  User-Part  is  9.5  inches  long,  9.5  inches  wide,  and  1.5  inch  tall,  and  was 
designed  such  that  it  uses  almost  all  of  the  SLA-250  build  area.  The  measured  dimensions 
of  a  User-Part  include  long,  medium,  and  short  dimensions  spanning  almost  two  orders  of 
magnitude,  from  0.100  inch  to  9.500  inches,  comprising  bosses,  thin  walls,  and  internal 
round  and  square  holes. 

In  the  User-Part  diagnostic  test,  a  root-mean-square  error,  or  RMS  error  is 
reported  from  the  set  of  170  dimensional  measurements  taken  for  each  part.  The  RMS 
error  is  obtained  by  first  generating  the  Error  Distribution  Function,  and  then  a 
Cumulative  Error  Distribution.5  If  the  error  distribution  is  Gaussian,  68%  of  the 
dimensional  measurements  will  fall  within  ±  1 .0  RMS  error  of  their  CAD  value. 

The  RMS  error  values  measured  for  Stereolithography  User-Parts  built  in  the  five- 
year  period  from  October,  1989  to  May,  1994,  are  presented  in  figure  1.  The  figure 
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clearly  shows  a  significant  increase  in  the  accuracy  of  SL  User-Parts  over  the  last  five 
years.  Note  that  SL  part  accuracy  has  improved  from  the  RMS  error  of  about  +  9  mils,  to 
about  ±1.8  mils.  This  represents  a  five-fold  improvement  in  dimensional  accuracy  over 
a  period  of  only  five  years. 

The  improvement  in  overall  part  accuracy  was  a  result  of  a  number  of  factors. 
Improvements  in  hardware,  software,  process,  and  resin  all  contributed  incrementally  to 
better  SL  part  accuracy.  However,  some  factors  contributed  more  than  others.  For 
example,  all  of  the  accuracy  data  between  1989  and  1992,  shown  in  figure  1,  corresponds 
to  User-Parts  built  with  SL  5081-1  acrylate-based  SL  resin.  Most  of  the  improvements  in 
this  time  period,  resulting  in  a  two-fold  accuracy  improvement  from  RMS  error  of  ±  9  mils 
to  +  4.5  mils,  were  due  to  SL  process  development.  SL  process  includes  the  appropriate 
selection  of  parameters  that  basically  defines  the  SL  part  “build  style.”  Some  of  these 
parameters  include  laser  scanning  speed,  drawing  sequence,  border  overcure,  hatch 
spacing,  layer  thickness,  part  deep  dip  distance,  etc.,  as  well  as,  leveling  and  recoating.  In 
particular,  the  two-fold  improvement  of  the  accuracy  data  in  SL  5081-1  resin  was  mostly 
due  to  build  style  improvement  from  Tri-Hatch* ,  to  WEAVE™,  to  STAR- WEAVE  ™ 
build  styles,  in  the  initial  period  of  three  years. 

However,  process  alone  could  not  continue  to  improve  part  accuracy  indefinitely. 
At  that  time,  in  retrospect,  there  was  an  inherent  limitation  due  to  the  SL  resin  systems. 

In  early  1993,  the  development  program  for  SL  5170  was  finalizing.  At  this  time,  the  first 
User-Part  was  built  in  SL  5170.  The  dimensional  accuracy  immediately  jumped  from  an 
RMS  error  of  ±  4.5  mils  in  SL  5081-1,  to  ±  2.8  mils  in  SL  5170,  resulting  in  another 
nearly  two-fold  improvement  in  accuracy. 

This  advance  in  accuracy  was  necessary,  especially  for  the  QuickCast  application, 
which  was  also  commercially  released  together  with  SL  5170,  in  July,  1993.  In  the 
QuickCast  application,  SL  pattern  generated  in  the  QuickCast  build  style  is  converted 
directly  into  metal  using  shell  investment  casting  technique.  With  the  advent  of 
QuickCast,  and  the  subsequent  availability  of  metal  prototypes  from  SL  patterns,  SL  part 
accuracy  requirements  have  been  pushed  substantially.  The  accuracy  requirements  for  a 
functional  prototype  are  much  greater  than  for  parts  that  are  intended  mainly  for 
visualization  and  verification. 

In  March  1994,  the  epoxy-based  SL  resin  for  the  SLA-500,  SL  5180,  was  also 
introduced.  With  the  added  help  of  the  hardware  and  software  improvements  that 
culminated  with  the  development  of  the  Orion™  Imaging  Technology,  as  well  as  the  new 
Diode  Laser  Leveling  system,  both  developed  by  3D  Systems,  the  User-Part  built  in  SL 
5180  was  able  to  achieve  an  RMS  error  of  ±  2.2  mils. 

Furthermore,  the  latest  results  from  SL  5170,  built  on  the  SLA-250,  produced 
today ’s  record  of  ±1.8  mils  RMS  error.  It  is  important  to  note  here  that  this  RMS  error 
value  is  based  on,  not  one,  but  ten  User-Parts  (viz.  1700  measurements)  built  on  the  same 


*  Tri-Hatch  is  one  of  the  earlier  SL  build  styles  that  resulted  in  pockets  of  liquid  resin 
trapped  between  walls  of  cured  SL  resin.  WEAVE  and  STAR- WEAVE  are  advanced 
build  styles  resulting  in  minimal  internal  stress,  and  maximum  volume  of  laser-cured  resin 
on  an  SLA.  Chapter  8  of  reference  5  explains  the  latter  two  build  styles  in  great  detail. 
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machine  over  a  period  of  two  months.  This  demonstrates  that  SLA  has  a  very  high 
repeatability,  when  built  with  the  epoxy-based  SL  5170  resin. 


Slab  6X6  Flatness  Improvement 
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Figure  2 


Slab  6X6  Flatness  Test 

The  User-Part  is  an  excellent  diagnostic  to  determine  system  accuracy  from  a 
statistical  set  of  data,  especially  in  the  x-y  plane  (coincident  with  liquid  resin  surface). 

Even  though  the  analysis  of  each  User-Part  includes  14  measurements  in  the  z  (depth 
direction)  direction,  the  bulk  of  the  dimensional  measurements  (156  data  points  out  of  170 
measurements)  are  taken  in  the  x-y  plane.  In  addition,  the  geometry  of  the  User-Part 
tends  to  depress  the  out-of-plane  distortion  in  the  z-direction.  Hence,  the  User-Part 
analysis  is  particularly  weak  in  detecting  distortion  in  the  z-direction,  including  the  flatness 
of  SL  parts. 

The  Slab  6X6  flatness  diagnostic  test  is  suitable  for  filling  that  gap.  Slab  6X6  is  a 
simple  6  inches  long,  6  inches  wide,  1/4  inch  thick,  nominally  flat  horizontal  slab,  built 
flat  on  an  SLA.  While  this  part  may  seem  simple,  it  is  actually  one  of  the  most  difficult 
parts  to  build  accurately  in  SL,  or  any  other  layer-additive  RP&M  method  that  involves  a 
phase  change,  or  variation  in  the  dimension  of  the  solidifying  layer  during  the  building 
process.  It  should  be  stressed  that  parts  that  have  vertical  walls,  or  other  stiffening 
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features  on  top  of  a  thin  horizontal  slab  tend  to  depress  distortion.  This  is  due  to  the 
increased  moment  of  inertia.  The  end  result  is  that,  in  general,  a  flat  slab  section  with 
added  complex  components  tends  to  build  flatter  than  a  simple  thin  horizontal  slab. 
Conversely,  a  thin  slab  is  an  excellent  “worst  case”  diagnostic  part  to  characterize  flatness. 

In  the  Slab  6X6  test,  the  slab  is  first  built  on  an  SLA.  Next,  the  part  is  taken  off  the 
platform  and  supports  are  removed.  Then,  the  part  is  post  cured  from  one  side  only,  to 
simulate  the  worst  case  scenario.  Finally,  the  Slab  6X6  is  allowed  to  sit  for  seven  days, 
such  that  any  creep  distortion  during  this  time  would  manifest  itself  in  the  final 
measurement.  The  Slab  6X6,  built  with  acrylate-based  resins,  usually  comes  out  warped 
upward  (i.e.  concave  up)  after  the  seven-day  period,  looking  like  a  shallow  bowl. 

The  distortion  range  (i.e.  highest  measurement  minus  lowest  measurement)  is 
established  using  a  CMM  on  the  upper  surface.  Generally,  the  highest  values  occur  at  the 
corners  and  the  lowest  in  the  middle  of  the  slab.  Additional  measurements  are  actually 
taken  between  each  process  steps  in  the  Slab  6X6  test  procedure.  However,  for  purposes 
of  this  paper,  only  the  final  maximum  error  value,  measured  seven  days  after  the  build,  will 
be  reported. 

The  Slab  6X6  flatness  test  results  are  summarized  in  figure  2.  In  1989,  the  Tri- 
Hatch  build  style  was  found  to  build  a  highly  distorted  slab  6X6,  having  a  distortion  range 
of  227  mils,  or  almost  1/4  of  an  inch.  As  soon  as  the  newer  build  styles  WEAVE  and 
STAR- WEAVE  were  introduced  in  1991,  and  1992,  the  flatness  improved  immediately 
by  more  than  three-fold,  to  65  mils,  and  53  mils,  respectively.  The  best  (i.e.  smallest) 
distortion  range  values  in  1992  were  achieved  by  SL  5081-1  acrylate-based  SL  resin. 

However,  further  process  modifications  on  the  acrylate  resin  did  not  yield  better 
results.  When  the  epoxy  resin,  SL  5170,  was  introduced  in  1993,  together  with  the 
QuickCast  build  style,  the  flatness  improved  immediately,  by  more  than  a  factor  of  two 
relative  to  the  acrylate  resin.  The  Slab  6X6  distortion  dropped  from  53  mils  to  23  mils. 
With  further  process  optimization,  and  especially  with  the  development  of  the  new  ACES 
™  build  style,  the  distortion  was  further  reduced  to  17  mils. 

Now,  the  Slab  6X6 s  were  finally  starting  to  look  like  flat  slabs.  Remember,  again, 
that  the  Slab  6X6  test  involves  the  absolute  worst-case  of  post  curing  from  one  side  only. 
In  real  applications,  such  a  flat  structure  would  be  post  cured  from  both  sides  such  that  the 
part  is  evenly  irradiated,  to  minimize  post  cure  distortion. 

The  resin  development  continued  beyond  SL  5170,  resulting  in  the  release  of  SL 
5180  in  1994,  an  epoxy-based  resin  for  the  SLA-500.  The  Slab  6X6,  built  in  SL  5180  in 
the  ACES  build  style,  resulted  in  a  superior  flat  slab,  having  a  maximum  distortion  of  only 
5  mils.  This  Slab  6X6  distortion,  obtained  in  1994,  corresponds  to  almost  50-fold 
improvement  compared  to  that  of 1989,  and  10-fold  improvement  from  the  best  Slab 
6X6  results  in  1992. 

Now,  the  SLA  users  can  build  very  flat,  nearly  undistorted  parts  when  required, 
using  the  epoxy-based  SL  resins  SL  5170  and  SL  5180. 
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Figure  4 


Green  Creep  Distortion 

So  far,  the  User-Part  analysis  showed  the  overall  part  accuracy,  obtained  from  a 
statistically  significant  number  of  dimensional  measurements,  with  emphasis  in  the  x-y 
plane.  The  Slab  6X6  test  demonstrated  the  part  flatness,  indicating  accuracy  in  the  z- 
direction.  Both  results  exhibited  great  advances  in  the  overall  accuracy  of  the  epoxy- 
based  SL  resins,  SL  5170  and  SL  5180.  However,  both  the  User-Part  and  the  Slab  6X6 
tests  involve  post-cured  parts. 

The  Slab  6X6  parts  are  post-cured  within  one  hour  after  the  parts  are  built.  Then 
the  post-cured  Slab  is  allowed  to  distort  over  one  week.  This  raises  questions  about  the 
dimensional  properties  in  the  intermediate  stage  of  cure,  the  so  called  “green  state.”  Do 
SL  parts  creep  in  the  laser-cured,  “green”  state7  How  would  an  SL  part  behave  when 
left  in  the  green  state  for  an  extended  period  of  time9 
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Some  SL  parts  are  complex  enough  that  cleaning  and  finishing  may  take  many 
hours.  Also,  a  part  may  be  unintentionally  left  sitting  in  the  green  state  before  it  is  post- 
cured.  This  may  be  simply  because  the  part  finished  building  at  midnight,  or  during  the 
weekend,  and  no  one  was  available  to  carry  out  the  finishing  work.  These  are  both  very 
realistic  issues. 

In  addition,  new  dimensional  requirements  for  SL  resins  in  the  green  state  became 
apparent,  especially  with  the  development  of  the  QuickCast  process.  In  the  QuickCast 
process,  SL  parts  are  built  in  a  quasi-hollow  structure.  When  the  QuickCast  SL  part  rises 
out  of  the  SLA  vat,  the  part  is  initially  filled  with  liquid  resin,  trapped  in  cells  between  the 
thin,  outer  boundary  of  cured  resin.  Next,  a  set  of  vent  and  drain  holes  are  generated  at 
appropriate  locations  either  manually,  or  using  the  latest  QuickCast  1 . 1  software  during 
SL  file  preparation,  and  the  uncured  liquid  resin  is  drained  out  of  the  QuickCast  part.  In  a 
QuickCast  part,  the  internal  volume  is  “topologically  simply  connected,”  allowing  liquid 
resin  to  flow  freely  from  one  internal  section  of  the  part  to  another.  This  allows  complete 
drainage  of  the  liquid  resin  before  the  QuickCast  part  is  further  processed  for  shell 
investment  casting. 

Due  to  the  finite  viscosity  and  surface  tension  of  the  liquid  resin,  the  draining  is 
certainly  not  instantaneous.  The  epoxy-based  resins  have  viscosities  of  about  200  cps  at 
30°C,  which  are  already  an  order  of  magnitude  lower  than  the  viscosity  of  the  earlier 
conventional  acrylate  resins.  This  allows  some  simple  parts  to  drain  in  a  few  minutes,  and 
most  parts,  in  a  few  hours.  However,  some  complex  parts  resulting  in  long,  narrow, 
internal  passages,  may  take  several  hours  to  drain.  This  is  a  process  that  is  carried  out  in 
addition  to  the  normal  support  removal  and  finishing  processes.  During  this  draining  time, 
what  happens  to  the  part  dimensions?  This  is  a  concern  especially  because  the  SL 
QuickCast  parts  comprise  thin  walls,  and  are  left  in  the  laser-cured  state,  throughout  this 
period. 

The  Green  Creep  Distortion  (GCD)  Test  was  developed  to  investigate  the 
dimensional  stability  of  SL  parts  in  the  green  state.  The  test  procedure,  described  in  detail 
in  reference  1,  is  schematically  described  in  figure  3.  The  test  involves  a  200-mm  long, 
and  6.4  X  6.4  mm  (8  X  1/4  X  1/4  inch)  square  cross-section  strip,  called  the  CreepBar. 
The  CreepBar  is  first  built  flat  on  an  SLA,  in  the  selected  resin.  Remember  that  a  long, 
thin  strip,  with  a  high  aspect  ratio,  is  one  of  the  most  difficult  parts  to  accurately  build  in 
layer-additive  rapid  prototyping  methods.  The  strip  is  completely  supported  such  that  it 
stays  flat  on  the  SLA  platform  during  the  building  cycle.  The  part  is  then  removed  from 
the  SLA  vat.  The  supports  are  removed,  and  the  SL  strip  is  placed  on  an  optical 
measuring  device,  shown  schematically  in  figure  4.  The  strip  is  then  intentionally  allowed 
to  undergo  creep  distortion  in  the  green  state.  To  simulate  the  worst  creep  distortion,  the 
strip  is  not postcured  in  this  test.  Post-cured  strips  are  expected  to  creep  much  slower, 
and  to  a  significantly  lesser  extent.  The  maximum  deflection  at  the  midpoint  of  the  green 
CreepBar,  or  conversely  the  two  ends  of  the  CreepBar,  is  called  the  “Green  Creep 
Distortion,”  (GCD).  The  GCD,  measured  optically,  is  automatically  recorded  on  a 
computer  over  a  period  of  24  hours. 

The  Green  Creep  Distortion  for  the  three  acrylate-based  resins,  SL  5143,  SL 
5149,  SL  5081-1,  all  built  in  STAR- WEAVE,  and  the  epoxy-based  resins,  SL  5170  and 
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SL  5180,  built  in  the  QuickCast  build  style,  are  presented  in  figure  5,  as  a  function  of  time. 
The  data  for  the  epoxy-based  resins  built  in  the  solid  ACES  build  style  are  not  plotted  in 
this  figure  because  the  results  were  indistinguishable  from  the  data  for  QuickCast  build 
style. 

Note,  from  figure  5,  that  the  GCD  rate  for  all  resins  is  quite  significant  initially, 
and  then  the  distortion  rate  slows  down  very  quickly.  For  all  acrylate-based  resins  shown 
in  figure  5,  more  than  60%  of  the  absolute  GCD  measured  at  an  elapsed  time  of  20  hours 
occurs  within  the  initial  2  hours.  For  example,  the  CreepBar  built  in  SL  5143  distorts  to 
48  mils  after  20  hours.  At  2  hours,  the  distortion  is  already  about  35  mils,  which  is  about 
70%  of  the  final  distortion  after  20  hours.  Among  acrylate  resins,  SL  5081-1  has  the 
lowest  creep  distortion.  This  data  suggests  that  part-cleaning  and  finishing  of  acrylate- 
based  SL  parts  should  be  performed  as  quickly  as  possible  once  the  restraining  support 
structures  are  removed  from  the  part. 

From  this  data,  it  is  clear  that  both  epoxy  resins  SL  5170  and  SL  5180  have  very 
low  GCD,  hence,  they  are  dimensionally  much  more  stable  than  the  acrylate  resins.  Both 
epoxy  resins  have  GCD  of  less  than  4  mils  within  the  24  hour  period. 


Furthermore,  when  the  GCD  data  was  plotted  as  a  function  of  the  logarithm  of 
time,  it  was  found  to  be  log-linear,  as  in  figure  6.  This  behavior  is  due  to  the  viscoelastic 
nature  of  cured  SL  resins.  Viscoelastic  bodies  have  been  found  to  behave  in  a  log-linear 
fashion  with  time.  Using  this  characteristic  log-linear  creep  behavior,  a  convenient 
parameter,  called  Log  Green  Creep  Rate  (GCR),  that  characterizes  the  rate  at  which  the 
SL  test  part  undergoes  creep  distortion,  was  defined.  It  is  indicated  by  the  slope  of  the 
curve.  This  way,  a  single  parameter  may  he  used  to  describe  the  creep  behavior  of  SL 
resins ,  and  allows  one  to  compare  the  dimensional  stability  of  various  resins,  and  /  or  build 
styles. 
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Figure  6 


Dimensional  Stability  Improvement 
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Figure  7 


The  GCR  values  for  the  SL  resins  tested  are  shown  in  figure  7.  It  is  apparent  that 
the  epoxy  resins  have  much  lower  GCR  values  than  the  acrylate  resins,  indicating  that  the 
epoxy  resins  are  dimensionally  highly  stable.  The  latest  result  shown  in  the  bar  chart  of 
figure  7,  indicates  that  SL  5180  built  in  ACES,  with  the  log  GCR  of  0.3  mils/logio  hour, 
has  the  highest  dimensional  stability  in  the  green  state,  among  the  SL  resins  tested. 
However,  within  the  error-bar  for  the  experiment,  this  is  comparable  to  the  log  GCR  of 
0.5  mils/logio  hour  of  SL  5170,  built  in  either  QuickCast  or  ACES  build  styles. 

Compared  to  one  of  the  acrylate-based  resins,  the  dimensional  stability  of  the 
epoxy  resins  improved  almost  thirty  (30)-fold  over  the  period  of  three  years,  from  14.4 
mils  to  about  0.5  mils  per  every  multiple  of  10  in  time.  In  summary,  the  dimensional 
stability  in  the  green  state  may  be  ranked  according  to  the  following  order,  in  the 
descending  order  of  dimensional  stability: 

SL  5170  &  SL  5180  »  SL  5081-1  >  SL  5149  >  SL  5143. 


ASTM  Mechanical  Properties 

At  this  point,  the  dimensional  accuracy  and  stability  of  the  epoxy-based  resins  were 
demonstrated.  Once  accurate  and  stable  parts  are  generated  on  the  SLA,  one  would  also 
like  to  know  how  strong  they  are.  How  do  the  mechanical  properties  of  the  epoxy-based 
resins  compare  to  those  of  acrylate-based  SL  resins,  and  also  compared  to  other 
thermoplastics? 


ASTM  Test  Methods  for  Plastics 


Tensile  Test  Specimen-"^™ 


Flexural  Test  Specimen 


Notched  Izod  Impact  Specimen 


Figure  8 


Six  types  of  properties,  tensile  strength,  tensile  modulus,  elongation  to  break, 
flexural  strength,  flexural  modulus,  and  impact  strength,  were  measured  according  to  the 
American  Standards  for  Testing  and  Materials  (ASTM)  for  plastic  materials.  The  results 
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for  the  epoxy-based  SL  resins  are  compared  to  the  literature  values8  for  acrylic  plastic 
(PMMA)  and  medium  impact  polystyrene.  The  mechanical  properties  for  acrylate-based 
SL  resins,  in  particular,  urethane-acrylate-based  SL  5143,  SL  5149,  SL  5154,  and  epoxy¬ 
acrylate-based  SL  5081-1  and  SL  5131,  are  also  presented  for  comparison. 

As  a  side  note,  the  description  for  SL  5081-1  and  SL  5131,  “epoxy-acrylates,” 
may  be  misleading.  Epoxy-acrylates  are  a  type  of  acrylates.  It  should  be  emphasized  that 
these  resins  are  not  epoxy-based  monomers,  and  do  not  contain  epoxies.  The  precursor 
molecules  for  the  monomers  in  the  resin  was  an  epoxy.  Furthermore,  the  reaction 
mechanism  for  epoxy-acrylates  is  100%  free-radical  polymerization,  characteristic  of 
acrylates. 

For  mechanical  testing,  the  SL  resins  are  all  built  on  the  appropriate  SLA  using  the 
recommended  solid  build  styles,  and  are  post-cured  normally.  For  the  epoxy-based  SL 
5170  and  SL  5180  resins,  ACES  build  style  was  used.  The  other  SL  resins  were  built  in 
STAR-WEAVE. 


The  ASTM  mechanical  tests  are  schematically  described  in  figure  8,  and  a  simple 
definition  of  modulus,  strength,  and  elongation  to  break,  as  applied  to  tensile  testing,  is 
given  in  figure  9.  These  are  some  of  the  most  typical  mechanical  properties  considered  in 
the  materials  selection  process  for  various  prototype  and  end-use  applications  in  product 
manufacturing. 

The  mechanical  properties  for  the  SL  resins  are  given  in  figures  10-16,  together 
with  those  for  acrylic  plastic  and  medium  impact  polystyrene.  The  horizontal  bars 
represent  the  values,  and  the  darkened  tips  provide  the  range  of  values.  For  the  SL  5170 
and  SL  5180  resins,  the  range  is  based  on  the  error  bar  associated  with  ASTM  tests  of 
multiple  samples.  At  least  five  samples  were  tested.  For  the  non-epoxy  SL  resins,  the 
range  includes,  in  addition  to  the  measured  range,  small,  but  non-negligible  variation 
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between  the  SLA-250  and  SLA-500  versions  of  similar  resins.  For  the  acrylic  and  medium 
impact  polystyrene  data,  the  literature  values  presented  include  the  range  of  values 
corresponding  to  multiple  grades  of  materials  available  in  the  market  that  may  be 
described  as  “acrylic  plastic”  and  “medium  impact  polystyrene.”  Obviously,  there  are  a 
number  of  manufacturers  as  well  as  a  number  of  grades  of  these  common  thermoplastics. 
For  some  materials,  the  range  of  the  mechanical  property  values  may  be  very  large. 

Acrylic  plastics  are  used  for  transparent  aircraft  enclosures,  radio  and  TV  parts, 
lighting  equipment,  and  goggle  lenses.  Medium  impact  polystyrenes  are  most  commonly 
used  for  radio  and  TV  cabinets,  toys,  and  containers  and  packaging  applications. 


Tensile  and  Flexural  Strengths 

Tensile  testing  for  SL  resins  was  performed  according  to  the  ASTM  D638 
method.  The  tensile  strength  data,  given  in  figure  10,  demonstrates  that  the  high  strength, 
but  relatively  brittle  resins,  SL  5081-1  and  SL  5131,  have  the  highest  tensile  strengths  in 
this  group  Their  tensile  strengths  are  7,200-1 1,500  psi  The  urethane-acrylates  have  the 
lowest  strengths,  for  both  tensile  and  flexural  tests,  with  strengths  of  about  5,000  psi.  The 
SL  5170  and  SL  5180  resins  have  tensile  strengths  in  the  range  of  6,000-9,000  psi.  These 
tensile  strengths  are  in  the  same  range  as  those  of  acrylic  plastic,  with  6,000-9,000  psi. 

The  tensile  strength  of  SL  5180  is  comparable  to  medium  impact  polystyrene,  however, 

SL  5170,  with  the  tensile  strength  of  about  8,800  psi,  is  almost  50%  stronger  than 
medium  impact  polystyrene. 

The  flexural  strength  is  defined  as  the  stress  measured  at  fiber  strain  of  5%  as 
designated  by  the  ASTM  D790  criteria  for  flexural  testing.  For  most  applications,  flexural 
strength  is  more  relevant  for  SL  parts  because  parts  are  more  often  bent  than  pulled  along 
the  long  axis.  The  urethane-acrylates  have  the  lowest  strengths,  for  both  tensile  and 
flexural  tests. 


Figure  10 
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Figure  11 


Generally,  flexural  strength  scales  with  the  tensile  strength.  However,  an 
interesting  trend  is  observed  between  the  acrylate-  and  epoxy-based  resins.  In  the  case  of 
acrylate-based  resins,  the  flexural  strengths  are  equal  to,  or  only  slightly  greater  than  their 
tensile  strengths.  For  example,  the  maximum  tensile  strength  for  SL  5081-1  is  1 1,600  psi 
whereas  the  flexural  value  is  14,000  psi,  an  increase  of  about  30%.  However,  epoxy- 
based  resins  have  significantly  higher  flexural  strengths  than  the  tensile  strengths.  For 
example,  the  flexural  strength  of  SL  5180  is  12,700  psi,  which  is  more  than  100%  greater 
than  its  tensile  strength  of  6, 100  psi.  This  tensile  strength  of  SL  5180  is  comparable  to 
that  of  medium  impact  polystyrene,  however,  it  is  20%  stronger  in  flexural  strength. 
Similarly,  for  SL  5170,  the  increase  from  tensile  to  flexural  strengths  is  from  8,800  psi  to 
15,600  psi,  an  increase  of  almost  80%.  Furthermore,  SL  51 70  has  a  higher  flexural 
strength  than  the  strongest  acrylate  SL  resin,  SL  5081-1,  and  is  even  stronger  than 
acrylic  plastic  or  medium  impact  polystyrene. 


Tensile  and  Flexural  Modulus 

Modulus  is  a  measure  of  how  much  the  material  elongates,  or  deforms,  when  it  is 
subjected  to  a  given  load  or  stress.  This  is  one  of  the  most  important  parameters  that  is 
often  referred  to  as  the  “rigidity”  of  the  material.  The  tensile  modulus  was  measured  in 
compliance  with  ASTM  D638,  and  for  flexural  modulus,  with  ASTM  D790. 

The  tensile  modulus,  given  in  figure  12,  of  SL  5081-1  resin,  is  relatively  high 
among  the  SL  resins,  with  the  maximum  value  approaching  600,000  psi.  The  urethane 
acrylates,  SL  5143  and  SL  5149,  have  relatively  low  values,  ranging  from  only 
100,000-160,000  psi,  compared  to  the  tensile  modulus  for  acrylic  and  medium  impact 
polystyrene,  which  is  about  390,000-470,000  psi.  The  epoxy-based  resins,  however, 
range  from  400,000-600,000  psi.  Hence,  SL  5180  is  comparable  to  the  thermoplastics. 
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However,  SL  5170,  on  the  other  hand,  has  tensile  modulus  that  is  almost  30%  greater 
than  either  acrylic  or  medium  impact  polystyrene. 


Flexural  Modulus 


SL  5170  Epoxy 
SL  5180  Epoxy 
SL  51 43  * 
SL  5149  /  5154  * 
SL  5081  -1  /  51  31  * 

A  c  ry  lie  P  la  stic 

P  o  ly  sty  re  n  e  , 
Medium  Impact 

( *  3D  Estimate) 


(ASTMD790) 


1  2  3 

Flexural  Modulus  inlOOkpsi 


Figure  13 


The  flexural  modulus,  shown  in  figure  13,  is  a  measure  of  bending,  or  flexural 
deformation,  when  the  material  is  subjected  to  a  stress  perpendicular  to  the  long  axis  of 
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the  test  sample.  The  bending  deformation  results  in  shear  forces  inside  the  part,  and  is  a 
common  deformation  mechanism  in  complex  geometries.  The  flexural  modulus  test  was 
carried  out  pursuant  to  ASTM  D790  procedure. 

The  trend  for  flexural  modulus  is  similar  to  that  for  tensile  modulus,  discussed 
above.  Notice,  though,  that  the  epoxy-based  resins  are  more  rigid  than  the  acrylate-based 
resins.  Even  the  high  strength  acrylate  resins  SL  5081-1  and  SL  5131,  have  only  about 
75%  of  the  flexural  modulus  of  SL  5170  and  SL  5180.  The  difference  between  the 
urethane  acrylate  systems  SL  5143  and  SL  5149  is  much  greater.  The  SL  51 70  and  SL 
5180  resins  are  almost  three  times  as  “rigid”  as  those  SL  resins.  High  modulus  is  the 
key  to  improved  dimensional  stability. 

Elongation  to  Break 

The  elongation  to  break  data,  obtained  according  to  ASTM  D638,  is  shown  in 
figure  14.  The  elongation  to  break  for  the  flexible  urethane-acrylate  SL  resin,  SL  5143,  is 
the  greatest  among  SL  resins.  The  range  of  elongation  to  break  values  for  medium  impact 
polystyrene  is  extraordinarily  large.  The  values  for  medium  impact  polystyrene  may  be  as 
small  as  3%,  or  as  large  as  40%,  depending  on  the  grade  of  material.  In  contrast,  SL 
5081-1  has  maximum  elongation  to  break  of  only  3%,  the  lowest  in  the  group.  The  epoxy 
resins  SL  5180  and  SL  5170,  have  elongation  to  break  values  of  as  much  as  16,  and  19%, 
respectively.  This  is  substantially  greater  than  the  corresponding  values  for  acrylic  plastic 
of  7%,  or  for  the  urethane  acrylates,  SL  5149  and  SL  5154,  of  11%. 


Elongation  to  Break 
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Figure  14 


The  experimental  tensile  stress  data  for  SL  5170  and  SL  5180  is  plotted  as  a 
function  of  elongation,  in  figure  15.  The  tensile  modulus  values,  defined  as  the  slope  of 
the  intial  linear  portion  of  the  stress  vs.  strain  (elongation)  curve,  are  slightly  different 
between  the  two  epoxy-based  resins.  SL  5170  has  a  greater  slope  than  SL  5180, 
corresponding  to  the  difference  in  the  tensile  modulus  value  of  570,000  psi  vs.  ~  400,000 
psi.  Notice  that  the  measured  stress  increases  as  the  tensile  sample  is  elongated  further,  up 
until  an  elongation  of  3%.  Since  the  stress  becomes  maximum  at  this  point,  in  this  case, 
the  stress  values  are  assigned  as  the  tensile  strengths  for  the  two  resins.  Then,  the  curves 
passe  beyond  the  yield  point,  and  go  into  plastic  deformation  before  it  finally  breaks  at 
about  an  elongation  of  16-19%.  Plastic  deformation  is  usually  not  a  characteristic  of 
cross/inked  polymer  systems.  However,  these  photo  crosslinked  epoxy-based  resins  SL 
5170  and  SL  5180  undergo  substantial  elongation,  beyond  the  yield  point.  Most  other  SL 
resins  do  not  substantially  elongate  beyond  the  yield  point,  except  for  flexible  systems. 

Material  toughness  is  defined  as  the  area  under  the  stress  vs.  strain  curve.  In  this 
view,  the  SL  5170  and  SL  5180  are  considered  tough  materials.  Admittedly,  there  are 
high-molecular  weight  engineering  thermoplastics  that  have  considerably  higher  toughness 
than  SL  5170  and  SL  5180.  However,  these  epoxy-based  SL  resins  have  proven  to  be 
extremely  rugged  and  tough  for  numerous  applications,  based  on  SLA  user  surveys 
carried  out  in  late  1993.  (SL  5180  was  not  released  yet,  however,  it  had  been  in  Beta 
testing  stage.)  SL  5170  and  SL  5180  parts  have  survived  many  functional  tests  that 
include  spinning  propellers  at  high  speeds,  exposing  models  to  high  velocity  flow  in  wind- 
tunnels,  snap-fits  for  such  parts  as  telephone  and  computer  housings,  and  fluid  flow  testing 
in  liquids,  to  name  a  few.  Some  of  these  functional  tests  could  not  be  performed  with  the 
earlier  acrylate-based  resins. 


220 


Impact  Strength 

Finally,  the  impact  strengths  of  SL  resins,  shown  in  figure  16,  were  measured 
according  to  the  specification  of  ASTM  D256.  The  impact  samples  were  notched  in  the 
CAD  data,  such  that  no  machining  was  involved,  and  the  SL  parts  were  ready  to  be  tested 
immediately.  The  width  of  the  impact  test  sample  was  1/4  inch,  a  thicker  sample,  instead 
of  the  thinnest  allowed,  of  1/8  of  an  inch,  by  ASTM.  This  was  because  thin  samples  are 
known  to  result  in  higher  impact  strength  values  due  to  the  flexing  and  multi-nodal 
bending  of  the  sample  during  the  impact,  dissipating  the  energy  from  the  impact  much 
more  than  for  thicker  samples.  Therefore,  such  values  from  thin  samples  may  not  be 
representative  of  the  actual  impact  strength  of  the  resin.  A  thicker  sample  can  concentrate 
the  energy  of  the  impact  in  one  direction,  and  is  representative  of  the  material,  and  not  the 
geometry. 


Impact  Strength  (astmd256) 
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Figure  16 


The  impact  strengths  of  the  epoxy-based  resins  are  comparable  to  medium  impact 
polystyrene,  and  are  slightly  greater  than  acrylic  plastic.  In  addition,  these  SL  resins,  SL 
5170  and  SL  5180,  having  impact  strengths  of  0.5-0. 8  ft-lb/inch,  are  3~4  times  more 
impact  resistant  than  the  earlier  acrylate  resins  SL  5081-1  and  SL  5131,  which  have 
impact  strengths  of  only  0. 1-0.2  ft-lb/inch.  SL  5180,  have  the  greatest  impact  strength, 
with  a  maximum  value  of  0.8  ft-lb/inch.  Within  experimental  error,  SL  5170  and  SL  5180 
have  impact  strengths  that  are  comparable  to  medium  impact  polystyrene  and  acrylic 
plastics. 
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Precision  Metal  Prototypes 

For  applications  that  require  greater  mechanical  strengths  than  SL  5170  and  SL 
5180,  metal  parts  can  be  obtained  by  using  QuickCast.  With  QuickCast,  precision  metal 
components  can  be  directly  produced  from  SL  parts. 


Common  Plasties 

Aluminum 

Steel 

Tensile  Strength  (kpsi) 

~10 

-100 

-200 

Tensile  Modulus 
(Mpsi) 

~0.5 

-10.0 

-30.0 

Table  1. 


The  mechanical  properties  of  metals,  in  general,  can  be  orders  of  magnitude 
greater  than  plastic.  Some  mechanical  properties  of  metals  are  given  in  Table  1,  for 
comparison  with  those  of  plastics  for  reference.  For  example,  even  aluminum,  which  is 
considered  a  “soft”  metal,  have  tensile  strength  that  is  an  order  of  magnitude  greater  than 
plastics.  The  difference  is  greater  for  tensile  modulus.  Metals  such  as  steel  is  60  times 
more  rigid  than  plastics  are.  Impact  resistance,  is  a  measurement  available  for  materials 
that  break  and  fail.  Most  ductile  and  maleable  metals  do  not  break  and  hence  impact 
strength  can  not  be  measured.  However,  if  it  is  measurable,  the  impact  strengths  for 
metals  is  expected  to  be  orders  of  magnitude  greater  than  plastics. 

Furthermore,  when  a  “negative”  core  and  cavity  pair  of  a  “positive”  geometry  is 
produced  in  metal  using  QuickCast,  tooling  is  obtained.  With  the  metal  core  and  cavity 
pair,  prototype,  and  eventually  production  functional  parts  may  be  ultimately  injection 
molded  in  the  desired  engineering  thermoplastic  material.  This  allows  the  user  to  test  his 
designed  object  quickly,  in  the  material  of  his  choice. 


Conclusion 

The  dimensional  properties  of  the  stereolithography  resins  based  on  epoxy 
chemistry  were  measured.  These  resins,  SL  5170  and  SL  5180,  were  found  to  generate 
parts  with  significantly  improved  overall  part  accuracy,  dimensional  stability,  and 
mechanical  properties  relative  to  the  earlier  acrylate  SL  resins.  Also,  SL  5170  resin,  for 
the  SLA-250  system,  and  SL  5180,  for  the  SLA-500  system,  have  resulted  in  extremely 
low  curl  and  distortion. 

Overall  dimensional  accuracy,  measured  by  building  not  one,  but  ten  sets  of  User- 
Parts  built  in  SL  5170  on  the  SLA-250  have  established  the  accuracy  record  to  date.  The 
measured  RMS  error,  based  on  1700  data  points,  is  ±  1.8  mils,  or  about  ±  45  microns.  SL 
5180,  built  on  the  SLA-500,  is  the  next  most  accurate,  with  RMS  error  value  of  about  ±  2 
mils.  The  result  from  ten  User-Parts  built  in  SL  5170  demonstrated,  not  only  high  overall 
accuracy,  but  outstanding  repeatability  of  the  SL  process.  The  accuracy  result,  based  on 
the  1700  dimensional  measurement  made  by  a  CMM  machine  taken  in  the  x,  y,  and  z 
directions,  is  statistically  significant,  and  indicates  the  high  level  of  repeatability  achieved 
by  the  combination  of  building  parts  on  an  SLA  and  using  the  epoxy  resin. 
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The  flatness  diagnostic  Slab  6X6  test  showed  that  these  epoxy-based  resins  are 
now  capable  of  producing  extremely  flat  parts  that  were  formerly  a  challenge  with  the 
conventional  acrylate-based  resins.  The  maximum  Slab  6X6  distortion  in  the  epoxy  resin, 
compared  to  a  flat  surface,  is  only  +5  mils,  even  when  the  Slabs  were  post  cured  from  one 
side  only,  to  simulate  the  worst-case  scenario.  Now,  SLA  users  can  build  very  flat  parts 
with  high  confidence. 

SL  parts  built  in  these  resins  also  exhibit  superb  dimensional  stability  in  the  laser- 
cured  state,  as  demonstrated  by  the  Green  Creep  Distortion  diagnostic.  Green  Creep 
results  presented  in  this  paper  showed  that  the  log  Green  Creep  Rates  (GCR)  for  SL  5170 
and  SL  5180  are  extremely  small,  with  a  creep  distortion  rate  of  only  about  0.5  mils  for 
every  decade  in  time.  This  is  almost  a  30-fold  improvement  over  conventional  SL 
acrylate  resins.  Dimensional  stability  in  the  laser-cured  state  is  very  important  for  most  SL 
applications,  however,  it  is  critical,  for  parts  generated  using  the  QuickCast™  build  style. 

Furthermore,  the  overall  mechanical  properties  of  these  epoxy  resins,  measured 
according  to  the  ASTM  standards,  were  found  to  be  comparable  to  or  exceed  those  of 
plastics  such  as  acrylic  plastic  (PMMA)  and  medium  impact  polystyrene. 

With  respect  to  the  conventional  acrylate  resins  systems,  the  SL  5170  and  SL 
5180  resins  exceed  in  almost  every  category  of  measured  mechanical  properties.  It  is 
worth  noting  that,  in  general,  the  magnitude  of  these  improvements  are  not  incremental, 
but  substantial.  For  example,  flexural  strength  of  the  epoxy  resins  is  two  to  three  times 
greater ,  and  the  tensile  and  flexural  modulus  is  more  than  four  times  greater  than  the 
conventional  urethane-acrylate-based  SL  resins.  The  elongation  to  break  for  the  epoxy 
resins  is  more  than  six  times  greater  than  the  epoxy-acrylate  SL  resins.  Finally,  the  impact 
strength  is  comparable  to  the  flexible  urethane-acrylate.  However,  the  impact  strength  for 
SL  5170  and  SL  5180  is  four  to  seven  times  greater  than  that  of  the  epoxy-acrylate 
systems,  SL  5081-1  and  SL  5131.  The  epoxy  resins  are  considered  to  possess  the  best 
combination  of  mechanical  properties  for  numerous  end-use  applications. 

Significance  of  SL  5170  and  SL  5180  for  SL  Users 

The  improved  dimensional  and  material  properties  realized  by  the  epoxy-based  SL 
5170  and  SL  5180,  bring  about  numerous  advantages.  For  example,  the  outstanding 
strengths,  modulus,  and  dimensional  stability  makes  SL  5170  and  SL  5180  suitable  for 
building  thin  walls.  Without  these  tributes,  thin  walled  parts  will  creep,  bend,  or,  simply 
collapse  if  the  load  is  excessive,  or  distort  to  the  point  where  the  parts  become 
unacceptable.  Many  successful  thin-walled  parts  such  as  housings,  and  custom  containers, 
have  been  built  in  the  ACES  solid  build  style,  by  numerous  SL  users. 

Of  course,  the  greatest  significance  of  the  epoxy-based  resins  is  associated  with  the 
QuickCast  application,  for  which  high  inherent  strength  of  the  resin  is  essential  to  prevent 
premature  deformation,  especially  because  QuickCast  patterns  necessarily  require  a  quasi¬ 
hollow  internal  structure  to  prevent  breakage  of  the  ceramic  invesment  casting  shells 
during  the  burn  out  cycle.  The  toughness,  rigidity,  and  impact  strength  of  the  QuickCast 
SL  patterns  made  of  SL  5170  and  SL  5180  are  much  greater  than  those  of  waxes 
commonly  used  for  investment  casting.  This  allowed  foundries  to  shell  investment  cast 
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thin  walls  and  delicate  features  that  were  once  thought  to  be  impossible  for  patterns  made 
in  waxes. 

Accuracy,  dimensional  stability,  and  good  overall  mechanical  properties  are  a  key 

to  expanding  SL  into  new  applications,  such  as  generating  prototype  and,  eventually, 

production  tooling  via  QuickCast  Tooling.  Finally,  functional  parts  may  be  produced  by 
injection  molding  in  the  “negative”  core  and  cavity  or,  QuickCast  tooling,  to  generate 
parts  in  the  desired  engineering  thermoplastic  material. 
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ABSTRACT 

A  simple  polymer  shrinkage  model  has  been  successfully  applied  to  the  stereolithography 
process.  The  shrinkage  model,  which  computes  specific  volume  changes  from  the  degree  of 
conversion  of  monomer  to  polymer,  incorporates  a  lag  between  conversion  and  shrinkage.  An 
overall  process  model  used  to  simulate  the  stereolithography  process  was  modified  by  inclusion 
of  the  shrinkage  model.  Use  of  the  modified  stereolithography  process  model  allows  prediction 
of  the  shrinkage  that  might  be  expected  to  occur  when  fabricating  a  strand  of  plastic.  By  varying 
the  lag  between  conversion  and  shrinkage  it  is  shown  that  faster  shrinking  resins  should  exhibit 
lower  overall  shrinkage  than  slower  shrinking  resins.  This  is  a  direct  result  of  the  fact  that  less 
shrinkage  occurs  after  the  strand  has  been  scanned  for  the  faster  shrinking  resins. 


INTRODUCTION 

The  photopolymerization  that  occurs  during  stereolithography  is  accompanied  by 
shrinkage.  It  is  this  shrinkage  that  is  responsible  for  dimensional  inaccuracies  and  warpage  in 
parts  produced  by  the  process.  The  exact  amount  of  shrinkage  observed  in  a  strand  of  plastic 
manufactured  by  a  stereolithography  apparatus  (SLA)  depends  on  a  number  of  factors.  These 
factors  include  the  degree  of  cure  achieved  during  exposure,  the  polymerization  kinetics,  the 
shrinkage  kinetics,  and  also  the  rate  at  which  the  strand  is  scanned  by  the  laser. 

As  part  of  a  continuing  effort  to  better  understand  the  complexities  of  the 
stereolithography  process,  we  have  analysed  the  shrinkage  phenomenon  and  its  relationship  to 
the  laser  scan  rate.  In  addition,  we  have  modified  the  general  stereolithography  process  model 
to  include  a  prediction  of  the  shrinkage  that  might  be  expected  to  occur  when  using  the  SLA  to 
fabricate  a  strand  of  plastic. 
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BACKGROUND 


An  analysis  of  shrinkage  in  stereolithography  and  its  relationship  to  the  laser  scan  rate  has 
been  presented  elsewhere  [1].  It  is,  however,  pertinent  to  review  some  of  this  material  at  this 
stage. 


The  basis  for  the  analysis  is  that  the  observed  shrinkage  is  determined  by  the  amount  of 
shrinkage  that  will  occur  at  each  point  along  the  line  at  the  time  the  line  is  completed.  At  that 
time  the  line  is  the  correct  length  (due  to  a  scan  of  the  correct  length)  and  any  change  in  length 
is  a  result  of  polymerization  and  shrinkage  that  occurs  after  completion  of  exposure. 

If  L  is  the  desired  length  of  a  line  of  plastic  drawn  by  the  SLA,  then  the  overall  linear 
shrinkage  (fraction)  due  to  cure  for  the  line  of  plastic  will  be  given  by 

Fc  =  A  [L  fr(y)  dy  (1) 

L,  J  0 


where  fr(y)  is  the  residual  shrinkage  (fraction)  at  position  y  along  the  line,  i.e.  the  amount  of 
shrinkage  that  will  occur  at  that  point  after  completion  of  the  line. 

The  residual  shrinkage,  fr(y),  can  be  obtained  from  experimentally  determined  shrinkage 
vs.  time  data,  or  can  be  estimated  from  model-based  predictions  of  the  degree  of  cure  along  the 
line  of  plastic.  (The  latter  approach  was  adopted  here.)  If  t*  is  the  time  taken  for  the  laser  to  scan 
from  position  y  to  the  end  of  the  line  L,  and  4(y)  the  fractional  shrinkage  that  has  occurred  up 
to  time  ts  at  position  y,  then  the  residual  shrinkage  is  just 

fr (y)  =  f^(y)  -  fcs(y)  (2) 

where  fM(y)  is  the  maximum  fractional  shrinkage  that  will  occur  at  position  y  as  t  — »  °o. 

The  shrinkage  that  accompanies  the  polymerization  of  diacrylates  tends  to  lag  behind  the 
conversion  [2,3,4],  The  model  used  for  shrinkage  should  allow  for  this  lag.  Bowman  and  Peppas 
[3]  have  presented  a  method  that  satisfies  this  requirement.  The  method  results  in  a  1st  order 
lag  between  conversion  and  specific  volume  change,  and  details  are  as  follows: 

v„  =  vm(l-  evx)  (3) 


and 


dv 

dt 


^(v„-v) 


(4) 


Eqn.  (3)  computes  the  maximum  specific  volume  change  based  on  conversion,  i.e.  the  specific 
volume  that  would  be  reached  as  t  —>  °°  based  on  conversion  x,  and  eqn.  (4)  determines  the 
dynamics  of  the  specific  volume  change  from  its  present  value  to  v„.  The  contraction  factor, 
in  eqn. (3),  can  be  determined  from  the  specific  volumes  of  the  monomer  and  polymer  or  from 
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shrinkage  data.  The  lag  parameter,  x  in  eqn.(4),  determines  the  extent  of  the  lag  between 
conversion  and  shrinkage.  Bowman  and  Peppas  change  the  value  of  x  as  the  polymerization 
proceeds.  This  allows  x  to  increase  as  conversion  increases.  Initially,  at  low  conversion, 
shrinkage  may  occur  almost  simultaneously  with  conversion,  whereas  once  vitrification  has 
occurred,  there  may  be  a  considerable  lag  between  polymerization  and  shrinkage.  Figure  1 
illustrates  how  the  model  predicts  the  specific  volume  change  and  resultant  shrinkage  would 
respond  to  an  instantaneous  change  in  conversion.  Results  for  three  different  values  of  the  lag 
parameter  are  shown. 


SHRINKAGE  AND  THE  PROCESS  MODEL 

The  stereolithography  process  model  previously  developed  [5,6]  has  the  capability  of 
calculating  conversion  of  monomer  to  polymer  as  a  function  of  time  for  a  rectangular  region 
around  the  exposed  resin.  Conversion  information  is  available  at  the  nodes  of  a  3-dimensional 
grid. 

In  order  to  estimate  the  amount  of  shrinkage  that  we  might  expect  in  a  strand  of  plastic 
manufactured  by  the  SLA,  the  following  sequence  of  calculations  can  be  performed: 

-  Calculate  the  average  conversion,  xAV(y),  for  cross-sections  perpendicular  to  the  direction  of 
laser  travel  at  the  time  the  scan  is  complete.  This  is  necessary  because  conversion  varies 
somewhat  with  depth  and  distance  from  the  scan  axis.  Any  2-dimensional  numerical  integration 
technique  can  be  used  to  perform  this  averaging. 

-  Determine  the  specific  volume,  v„(y),  that  corresponds  to  xAV(y)  from  eqn.(3) 


V'.(y)  =  Vjl- evxAV(y) ) 


(5) 


-  Convert  to  a  fractional  linear  shrinkage 

f~(y) 


i-( 


(6) 


-  Calculate  the  average  specific  volume,  vAV(y),  for  cross-sections  perpendicular  to  the  direction 
of  laser  travel  from  specific  volumes  calculated  from  eqn.(4). 

-  Convert  to  a  fractional  linear  shrinkage 

fly)  (7) 

Vm 

-  Determine  the  residual  shrinkage  using  the  results  from  eqns.  (6)  and  (7) 

fr (y)  =  fdy)  -  fiy)  (8) 
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-  Perform  integration  along  the  strand  of  plastic  to  obtain  an  estimate  of  the  overall  linear 
shrinkage 


F'mULf'M* 


(9) 


The  entire  procedure  outline  above  was  incorporated  into  the  stereolithography  process  model. 
Calculated  shrinkage  information  was  included  with  the  other  data  output  by  the  computer  code 
used  to  numerically  solve  the  model  equations. 


RESULTS  AND  DISCUSSION 

In  order  to  verify  operation  of  the  shrinkage  component  of  the  process  model,  a  number 
of  process  simulations  were  performed.  All  model  parameters  were  unchanged  from  those  of  the 
previously  documented  test  simulation  [5,6],  the  details  of  which  are  not  presented  here.  The 
results  from  the  shrinkage  component  of  the  model  are  presented  below.  Tests  were  performed 
with  shrinkage  parameters  as  follows: 

vm  =  0.885  cm3  g'1 

e,  =  0.0738 

x  =  0.1,  0.2  and  0.3  seconds. 

The  specific  volume  and  contraction  factor  parameter  values  selected  were  appropriate  for  the 
HDD  A  test  simulation  performed.  The  shrinkage  lag  parameter  values,  although  believed  to  be 
of  the  correct  order  of  magnitude,  were  selected  to  illustrate  the  effect  of  changing  that  parameter 
value. 


Plots  of  average  conversion  and  average  specific  volume  versus  y  (position  along  strand 
of  plastic)  are  shown  in  Figures  2  and  3.  These  are  time  progressions,  each  curve  being  the 
profile  at  a  particular  time.  As  expected  the  conversion  increases  to  some  maximum  value  as 
time  progresses  (the  reaction  is  diffusion  limited)  and  the  conversion  is  accompanied  by  a 
decrease  in  the  specific  volume  of  the  material.  The  data  shown  in  Figure  3  were  generated 
using  a  shrinkage  lag  parameter  of  0.2  seconds.  Figure  4  shows  the  conversion  and  shrinkage 
dynamics  at  the  mid-point  of  the  strand  of  material.  The  laser  passes  over  this  point  in  the  strand 
at  t  =  0.5  seconds,  half  way  through  the  total  scan  which  is  of  1.0  second  duration.  This  plot 
clearly  illustrates  the  lag  between  the  conversion  and  shrinkage  at  that  point  in  the  strand. 

A  series  of  simulations  were  performed  with  different  shrinkage  relaxation  times  (time 
constants).  For  three  different  values  of  x,  the  overall  linear  shrinkage  in  the  line  of  plastic,  Fc, 
was  calculated.  The  results  are  summarized  below. 


228 


x  (sec) 

%  Shrinkage,  F„ 

0.1 

0.078 

0.2 

0.180 

0.3 

0.279 

The  faster  shrinking  resins  (those  with  the  lower  x  values)  exhibit  less  overall  shrinkage  than  the 
slower  shrinking  resins  (those  with  the  higher  x  values).  This  supports  the  notion  that  a  faster 
shrinking  resin  should  result  in  lower  overall  shrinkage,  with  less  distortion  and  warpage  in  the 
final  part. 

Figure  5  illustrates  the  effect  of  changing  the  shrinkage  lag  parameter  x  on  shrinkage 
dynamics  at  the  mid-point  of  the  strand  of  plastic.  Higher  values  of  x  result  in  increased  lag 
between  conversion  and  shrinkage.  Residual  shrinkage  values  also  increase  due  to  the  fact  that 
less  shrinkage  has  occurred  at  the  time  the  scan  is  complete.  The  remainder  of  the  shrinkage 
occurs  after  completion  of  the  scan  and  contributes  to  the  observed  linear  shrinkage.  The  change 
in  residual  shrinkage  with  x  is  clearly  illustrated  in  Figure  6  where  plots  of  residual  shrinkage 
vs.  position  along  the  strand  are  shown.  At  higher  x  values  more  of  the  shrinkage  occurs  after 
completion  of  the  scan  and  as  a  result  contributes  to  a  higher  observed  linear  shrinkage.  The 
overall  linear  shrinkage  values  shown  above  (Fc),  obtained  from  eqn.  (9),  are  the  average  values 
of  the  residual  shrinkage  along  the  strand.  The  residual  shrinkage  tends  to  drop  towards  the  end 
of  the  strand  due  to  lower  conversion  of  monomer  to  polymer.  This  is  an  "end  effect"  and 
becomes  fairly  insignificant  for  longer  strands  of  plastic. 


CONCLUSIONS 

A  shrinkage  model  has  been  incorporated  into  the  general  stereolithography  process 
model.  The  ultimate  amount  of  shrinkage  is  determined  by  the  extent  of  conversion  of  monomer 
to  polymer.  The  model  allows  the  shrinkage  to  lag  behind  conversion  in  a  1st  order  manner. 

Successful  operation  of  the  stereolithography  process  model  with  the  shrinkage 
modification  has  been  verified  by  performing  various  simulations.  One  of  the  tests  performed 
involved  varying  the  shrinkage  lag  parameter,  and  the  results  obtained  confirmed  the  notion  that 
faster  shrinking  resins  should  result  in  lower  overall  shrinkage  values. 


NOMENCLATURE 

fr(y)  residual  fractional  linear  shrinkage  at  position  y 
fu(y)  fractional  linear  shrinkage  at  position  y  at  time  ts 
fjy)  maximum  fractional  linear  shrinkage  at  poistion  y  (t  ->  <*>) 
Fc  overall  fractional  linear  shrinkage  due  to  cure 
L  length  of  strand  of  plastic  (cm) 

t  time  (sec) 

ts  time  for  laser  to  scan  from  position  y  to  L  (sec) 
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v  specific  volume  (cm3  g'1) 

vAV  cross-section  average  specific  volume  (cm3  g1) 

vm  specific  volume  of  monomer  (cm3  g'1) 

vp  specific  volume  fully  polymerized  (cm3  g'1) 

v.,  specific  volume  at  conversion  x  as  t  -»  oo  (cm3  g'1) 

x  fractional  conversion  of  monomer  to  polymer 

xAV  cross-section  average  fractional  conversion  of  monomer  to  polymer 

y  spatial  coordinate  in  direction  of  laser  motion  (cm) 

£v  contraction  factor  =  (vm-vp)/vm 

x  relaxation  time,  1st  order  lag  constant  (sec). 
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AVERAGE  CONVERSION  (7.) 
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Figure  1:  Plot  of  conversion  and  shrinkage  vs.  time.  Model 
predictions  for  an  instantaneous  change  in  conversion  for  3 
different  shrinkage  lag  parameter  values.  Ultimate  amount  of 
shrinkage  determined  by  shrinkage  factor. 


Y-P0SI7I0N  (cm) 


Figure  2:  Average  conversion  vs.  position  along  a  strand  of 
plastic.  Each  curve  represents  the  conversion  profile  at  a  particular 
time.  Laser  scan  duration  =  1.0  sec.  Plot  time  increment  0.1  sec. 
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7.  LINEAR  SHRINKAGE 


SPECIFIC  VOLUME  (cm^g-i) 


Figure  3:  Average  specific  volume  vs.  position  along  a  strand  of 
plastic.  Each  plot  represents  the  specific  volume  profile  at  a 
particular  time.  Laser  scan  duration  =  1.0  sec.  Plot  time 
increment  =  0.1  sec.  Shrinkage  lag  parameter  t  =  0.2  sec.  Data 
are  complementary  to  Figure  2. 


TIME  (sec) 


Figure  4:  Conversion  and  shrinkage  vs.  time  at  the  mid-point  of 
a  strand  of  plastic.  Laser  passes  this  point  at  t  =  0.5  sec.  Total 
laser  scan  time  =  1.0  sec.  Shrinkage  lag  parameter  x  =  0.2  sec. 
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7.  LINEAR  SHRINKAGE 


7.  RESIDUAL  SHRINKAGE  7.  LINEAR  SHRINKAGE 


Figure  5:  Linear  shrinkage  vs.  time  at  the  mid-point  of  a  strand 
of  plastic  for  3  different  shrinkage  lag  parameters.  Laser  passes 
this  point  at  t  =  0.5  sec.  Total  laser  scan  time  =  1.0  sec. 


Y— POSITION  (cm) 


Figure  6:  Residual  shrinkage  vs.  position  along  a  strand  of  plastic 
for  3  different  shrinkage  lag  parameters.  Residual  shrinkage 
calculated  from  conversion  and  shrinkage  profiles  at  the  end  of  the 
laser  scan. 
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MULTI-LAYERED  COMPOSITES  USING  PHOTOLITHOGRAPHY 


Amit  Bagchi  and  Robert  Beesley,  Department  of  Mechanical  Engineering, 
Center  for  Advanced  Manufacturing,  Clemson  University,  Clemson,  SC  29634 


Abstract 


The  mechanical  properties  of  the  parts  made  using  solid  freeform  fabrication  technologies  are 
limited  by  their  resins  used.  Previous  research  has  shown  that  the  mechanical  properties  of  these 
parts  can  be  enhanced  substantially  by  using  glass  and  fiber  reinforcements.  However,  all  of  the 
published  data  is  for  single  layered  composites,  which  does  not  demonstrate  its  feasibility  to  manu¬ 
facture  multilayered  real  objects. 

In  this  paper  experiments  carried  out  to  build  multi-layered  parts  with  glass  fiber  tow  as  rein¬ 
forcement  in  a  matrix  of  photopolymeric  resin  are  described.  These  specimens  are  then  tested  in 
uniaxial  tension  and  three  point  bending  to  determine  their  improvement  in  mechanical  properties. 
The  experimental  data  shows  that  the  tensile  strength  and  tensile  modulus  increased  linearly  with 
the  volume  fraction  of  the  fiber  in  the  composite,  thus  demonstrating  that  the  trends  observed  in 
single  layer  composites  can  be  also  seen  in  multi-layered  composites. 


Introduction 


In  the  past  10  years,  solid  freeform  fabrication  (SFF)  technologies  have  allowed  the  design 
engineer  to  produce  a  working  model  of  a  part  without  the  need  for  tooling,  advance  planning,  and 
often  within  hours  or  days,  instead  of  months.  As  improvements  or  revisions  are  necessary,  the 
part  can  be  redesigned  easily  before  it  is  prototyped  again,  and  the  process  can  be  repeated  as  many 
times  over  a  period  of  days  to  arrive  at  the  final  design. 

Many  of  the  SFF  technologies  utilize  polymers  to  make  their  parts,  either  using  a  certain 
wavelength  of  radiation  (as  in  photolithography)  or  applying  localized  heat  of  fusion  (as  in  selec¬ 
tive  laser  sintering).  One  of  the  drawbacks  of  these  processes  is  the  compromise  in  mechanical 
properties  due  to  those  of  the  pure  polymers.  These  parts  are  of  lower  strength  than  those  made 
using  commercially  viable  processes.  One  way  to  strengthen  these  parts  is  to  re-enforce  the  parts 
with  high  modulus  glass,  quartz  or  carbon  fibers. 

In  work  done  at  Clemson  University  over  the  past  five  years  [1-6],  the  process  of  photolithog¬ 
raphy  has  been  expanded  as  a  rapid  prototyping  technology  by  producing  composite  parts  using 
glass  and  quartz  fiber  as  reinforcement.  The  prototype  is  generated  by  reinforcing  by  selectively 
laying  fibers  in  situ  to  improve  the  mechanical  properties.  These  studies  have  shown  that  the 
strength  of  liquid  resin  based  polymer  parts  can  be  increased  by  up  to  an  order  of  magnitude,  with 
a  very  small  percent  of  addition  of  glass  or  quartz  fibers.  Because  no  real  component  is  made  up 
of  a  single  layer,  it  is  necessary  to  determine  the  effect  of  multiple  layers  in  the  build  process,  and 
to  use  more  than  uniaxial  testing  to  determine  the  mechanical  properties  of  the  parts. 


Objective 

The  objective  of  this  experiment  was  to  build  and  test  multi-layered  parts  to  see  if  the  single 
layer  technology  could  be  applied  to  manufacture  multi-layer,  real  composite  parts.  The  tensile 
strength,  tensile  modulus  and  modulus  of  toughness  would  be  studied  to  measure  the  enhancement 
of  mechanical  properties. 
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Experimental  Work 
Specimen  Preparation 

The  multi-layered  parts  for  this  research  were  made  from  DuPont  Somos  3100  photopolymer, 
and  continuous  quartz  fiber  tows  (tensile  strength  1600  MPa),  containing  120  fibers  (tensile 
strength  of  fibers  was  2000  MPa)  each  9  microns  in  diameter.  Quartz  fibers,  with  a  nearly  100% 
transmissibility  of  the  ultra-violet  (UV)  light,  allow  the  UV  light  to  pass  through  and  polymerize 
even  below  the  fiber  tow,  thus  creating  a  strong  bonding  between  the  resin  matrix  and  the  rein¬ 
forcement. 

The  specimens  were  made  in  a  special  research  test  bed  developed  for  producing  composite 
components  —  the  Advanced  Desktop  Photolithography  Unit  (ADPU).  The  ADPU  is  an  emula¬ 
tion  of  the  commercially  available  stereolithography  apparatus,  and  photopolymerizes  the  resin  and 
produces  parts  layer  by  layer.  The  ADPU  has  a  two-axis  positioning  table  to  move  a  light  source 
in  a  pattern  just  above  the  liquid  resin.  The  light  source  is  a  mercury  vapor  arc  lamp  with  a  fiber 
optic  light  pipe  to  provide  the  UV  radiation  (at  325  nanometers)  at  the  desired  location.  A  special 
fiber  dispensing  device  [7,  8]  with  three  degrees  of  freedom,  two  translational  and  one  rotational, 
lays  the  fiber  bundle  onto  the  resin  just  ahead  of  the  light.  A  computer  program  is  used  to  control 
the  positions  of  the  head  of  the  fiber  dispensing  device  and  the  light  source  so  that  the  reinforce¬ 
ment  can  be  provided  at  the  right  locations  in  the  specimen.  The  pencil  of  light  passes  over  the 
same  regions  which  were  reinforced  with  the  continuous  fibers  and  polymerizes  the  resin  along 
with  the  fiber  tow.  Details  of  the  ADPU  can  be  found  elsewhere  [6-8]. 

Three  layered,  rectangular  12.7  mm  X  102  mm  test  specimens  were  built  on  the  ADPU  in 
accordance  with  ASTM  standards  D3039-76  [9].  To  grip  the  ends  for  carrying  out  tensile  testing, 
tabs  were  made  of  the  pure  resin  and  then  polymerized  onto  each  end  of  the  finished  composite 
specimen  made  on  the  ADPU.  A  sketch  of  the  specimen  is  shown  in  Figure  1. 

A  program  was  written  in  C  to  generate  the  path  plan  for  the  fiber  dispensing  device  and  the 
light  source.  This  path  was  provided  as  input  to  a  machine  controller  code  for  the  translational  and 
rotational  motions  of  the  ADPU  necessary  to  generate  the  composite  specimen.  The  path  of  the 
light  source  and  the  fiber  dispensing  device  generated  by  the  program  is  shown  in  Figure  2. 

A  total  of  17  specimens  passed  the  initial  quality  control  check  for  proper  construction  and 
tolerances.  13  of  these  specimens  contained  fiber  strands,  spaced  1  mm  apart,  oriented  lengthwise 
(at  0  degree  to  the  test  direction).  The  other  4  specimens  were  also  three-layered  but  made  of  pure 
resin  on  the  ADPU.  The  polymerized  specimens  were  found  to  be  wider  than  the  12.7  mm 
desired,  and  were  therefore  sanded  smooth  until  they  were  parallel  and  12.7  mm  wide. 


Testing  Procedure 

Two  tests  were  carried  out  on  the  17  specimens:  (i)  tensile  test;  and  (ii)  three  point  bend  test. 

The  tensile  test  was  carried  out  on  a  bench  top  tensile  testing  machine,  with  only  the  upper 
grips  moving  at  a  constant  rate  of  2.5  mm/min.  The  effective  length  of  the  specimens  was  76.2 
mm.  The  temperature  was  kept  constant  at  23.3  degree  C,  and  the  relative  humidity  was  14%. 
The  bend  test  was  done  in  a  3-point  bend  fixture  with  a  beam  length  of  57.2  mm,  in  accordance 
with  ASTM  standard  D790M-86  [10]  for  specimens  in  this  range  of  length  to  thickness  ratio,  as 
shown  in  Figure  3.  The  velocity  of  the  loading  point  was  set  to  7.6  mm/min,  and  the  maximum 
displacement  was  6.27  mm,  when  the  stress  strain  relationship  became  non-linear. 
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Results 


Tensile  Test 

The  tensile  specimens  displayed  a  brittle  linear-elastic  stress-strain  behavior  for  the  full  range 
of  volume  fractions.  The  pure  resin  specimens,  however,  displayed  some  plastic  deformation  near 
the  failure  point,  as  shown  in  Figure  4.  The  ultimate  tensile  strength  (UTS)  is  plotted  against  vol¬ 
ume  fraction  in  Figure  5.  The  UTS  can  be  expressed  in  terms  of  the  volume  fraction  (VF)  by  the 
following  relationship:  UTS  (psi)  =  130,04 1  (VF)  +  5,047. 

The  standard  error  of  this  least  square  curve  fit  is  9.9%,  which  is  quite  acceptable  because  of 
the  inherent  variabilities  in  the  specimens  in  dimensions,  surface  irregularities,  void  formation,  and 
volume  fraction. 

The  tensile  modulus  was  calculated  from  the  plots  of  tensile  tests.  For  composite  specimens, 
the  slope  of  the  linear  portion  of  the  curve  in  Figure  4  was  used  to  avoid  the  abrupt  slippage  shown 
in  the  figure.  The  slippage  observed  at  about  60  lbs.  for  each  composite  specimen,  upon  careful 
analysis,  was  found  to  occur  at  the  grips  of  the  testing  machine.  For  pure  resin  parts,  the  slope  of 
the  linear  portion  of  the  curve  in  Figure  4  was  used,  excluding  the  slippage  at  the  lower  end  and  the 
non-linear  behavior  prior  to  fracture  at  the  end  of  the  test,  the  tensile  modulus  (E)  can  be  expressed 
as  a  function  of  volume  fraction  (Figure  6)  as:  E  (psi)  =  2, 302, 133(VF)  +  83,664. 

The  standard  error  in  this  fit  was  10%,  and  was  attributed  to  problems  with  the  building  of  the 
composite  specimens,  similar  to  that  for  the  tensile  strength. 


Bend  Test 

The  data  from  the  3  point  bend  tests  was  used  to  calculate  the  bending  modulus.  The  speci¬ 
mens  exhibited  linear-elastic  behavior  in  bending  as  in  the  tensile  tests.  The  modulii  of  bending  for 
the  specimens  calculated  using  Castigliano's  method  are  shown  in  Figure  7.  The  bending  modulus 
results  arc  hard  to  explain  because  there  appears  to  be  no  correlation  between  volume  fraction  and 
modulus.  This  is  attributed  to  variations  in  specimen  dimensions  and  compositions.  The  pure 
resin  specimens  have  a  homogeneous  structure,  so  the  results  are  fairly  consistent  (Figure  7). 
However  the  composite  specimens  showed  large  differences  in  bending  modulus  even  in  the  same 
range  of  volume  fraction.  Since  all  of  the  specimens  have  three  layers  of  fibers,  and  yet  all  have 
different  thicknesses,  the  variability  was  attributed  to  the  variation  in  the  manufacturing  procedure, 
and  the  inability  to  control  dimensions  in  multi-layer  parts. 

Another  possible  explanation  could  be  the  location  of  the  fibers  within  the  specimens,  which 
would  change  the  location  of  the  neutral  axis,  thereby  the  exact  bending  characteristics  in  the 
specimens.  Because  the  modulus  of  the  fibers  is  much  greater  than  that  of  the  polymer,  their  loca¬ 
tion  as  in  Figure  8a  or  8b  would  influence  the  behavior  of  the  bending  properties.  A  specimen  with 
configuration  (a)  in  Figure  8  will  have  a  higher  modulus  in  bending  than  that  with  (b)  because 
more  fibers  are  located  close  to  the  surface,  which  is  the  location  of  the  maximum  strain,  although 
the  two  specimens  may  have  the  same  volume  fraction.  A  similar  behavior  is  not  expected  in  ten¬ 
sile  test  because  the  location  of  the  fibers  in  the  matrix  is  not  as  critical  because  the  strain  is  con¬ 
stant  throughout  the  cross  section. 

It  is  conjectured  that  the  consistency  of  the  bending  modulus  data  for  composite  specimens 
would  increase  with  the  number  of  layers.  As  the  number  of  layers  increased,  the  specimen  would 
become  more  homogeneous,  and  local  variations  in  layer  thickness  and  exact  placement  of  the 
fibers  would  not  play  a  dominant  role.  This  hypothesis  needs  to  be  investigated  in  future  when  the 
ADPU  is  improved  to  produce  multi-layered  components  with  repeatable  dimensions. 
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Concluding  Remarks 


The  results  from  this  preliminary  study  have  shown  that  the  mechanical  properties  continue  to 
improve  with  the  addition  of  fibers.  In  tension,  the  ultimate  tensile  strength,  and  modulus  increase 
linearly  as  the  mass  fraction  increases.  The  results  for  bending  are  not  very  conclusive  at  this  time, 
but  they  do  show  an  increase  in  the  bending  modulus  with  the  addition  of  the  fibers.  The  location 
of  the  fibers  in  bending  may  be  more  important  than  in  tension,  and  will  need  to  be  considered  in 
composite  specimen  design  in  photolithography  based  processes. 

The  ability  to  produce  multi-layered  composite  parts  in  this  research  project  demonstrated  the 
possibility  of  adding  fibers  in  situ  in  a  photolithography  based  machine,  such  as  in  stereolithogra¬ 
phy,  stereophotolithography  and  other  similar  processes  [11].  An  important  problem  to  be 
addressed  in  the  design  of  fiber  dispensation  and  composite  layer  fabrication  is  the  control  of  geo¬ 
metric  dimensions,  especially  layer  thickness.  Unless  the  dimensions  can  be  held  to  tight  tolerance 
for  the  composite  specimens,  it  will  be  quite  difficult  to  make  the  process  commercially  viable. 
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Figure  1.  Test  specimens  used  in  this  study  —  for  both  pure  resin  and  composite  specimens. 


-102  mm 


1  mm  apart 


Figure  2.  Path  of  fiber  and  UV  light  beam  needed  to  produce  a  composite  (or  a  pure  resin)  layer, 
as  generated  by  the  process  planning  software. 
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BENDING  POINTS 


P/2 


P/2 


Figure  3.  Three  point  bend  test  setup,  showing  the  dimensions. 


Figure  4.  Tensile  test  results  from  the  experiments;  (a)  composite  specimens,  and  (b)  pure  resin 
specimens.  Reinforcement:  quartz  fiber  tows,  and  resin:  Somos  3100. 
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Figure  5.  Ultimate  tensile  strength  variation  with  respect  to  volume  fraction  of  fiber  in  the  com¬ 
posite  specimens.  Reinforcement:  quartz  fiber  tows,  and  resin:  Somos  3100. 


Figure  6.  Tensile  modulus  variation  with  respect  to  volume  fraction  of  fiber  in  the  composite 
specimens.  Reinforcement:  quartz  fiber  tows,  and  resin:  Somos  3100. 
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Figure  7.  Bending  modulus  variation  with  respect  to  volume  fraction  of  fiber  in  the  composite 
specimens.  Reinforcement:  quartz  fiber  tows,  and  resin:  Somos  3100. 


Figure  8.  Possibilities  of  different  fiber  layouts  inside  the  multilayer  composites. 
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ABSTRACT 

A  consistent  problem  with  stereolithography  has  been  part  distortion  and 
dimensional  inaccuracies  caused  by  resin  shrinkage.  Resin  shrinkage  and,  thus,  warpage 
occurs  during  the  build  process  and  during  the  postcure.  Build  parameters  such  as  draw 
pattern  (the  order  in  which  strands  are  drawn  by  the  laser)  and  overcure  (cure  depth  minus 
slice  thickness)  can  affect  overall  part  warpage  by  minimizing  the  warpage  of  individual 
strands  and  layers.  A  software  package,  PATTERNDRAW,  developed  at  the  University  of 
Dayton  allows  an  SLA  operator  to  manipulate  vector  files  and  change  the  pattern  by  which 
layers,  slices,  arc  filled  in.  This  software  was  used  to  study  the  effects  of  draw  pattern, 
vector  segmentation,  and  cure  depth  on  warpage  of  parts  of  different  sizes.  All  parts  were 
made  using  Ciba-Geigy  5081-1  resin.  Moire  analysis  was  used  to  measure  out-of-plane 
deflections  of  part  surfaces.  Results  indicate  that  significant  reductions  in  warpage  can  be 
achieved  by  the  use  of  novel  draw  styles. 

INTRODUCTION 


A  consistent  problem  with  stereolithography  is  part  distortion  and  dimensional 
inaccuracy.  Shrinkage  caused  by  resin-curing  unsymmetrically  relative  to  the  mid-plane  of 
the  strands,  layers,  and  part  is  the  principal  cause  of  warpage.  As  the  resin  cures,  material 
properties  and  shrinkage  change  with  time.  Consequently,  the  order  in  which  the  vectors  or 
strands  are  drawn  relative  to  one  another,  which  is  a  time-dependent  process,  affects 
warpage.  Others  [1,2]  have  shown  that  particular  draw  styles  (such  as  STARWEAVE™) 
can  reduce  waipage  and  dimensional  inaccuracy.  This  paper  shows  how  further  reductions 
in  waipage  are  possible  by  considering  vector  randomization  and  segmentation. 
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EXPERIMENTAL 


An  SLA-250  stereolithography  machine  was  used  to  make  test  parts  with  Ciba- 
Geigy  XB  5081-1  resin.  Specific  test  part  geometries  are  discussed  below.  Layer  thickness 
was  held  constant  at  0.010"  (0.025  cm).  Center-to-center  vector  spacing  was  also  held 
constant  at  1 1  mils  (0.028  cm).  This  vector  spacing  was  determined  to  be  optimal  for  the 
STARWEAVE™  draw  style  on  our  SLA-250  machine.  Warpage  was  measured  using  a 
moire  analysis  apparatus.  Parts  were  coated  with  a  thin  layer  of  titanium  dioxide  powder 
(nominal  diameter  0.2mm)  to  enhance  reflectance  for  the  moire  analysis.  A  description  of 
the  particular  moire  apparatus  used  is  given  in  [3].  Parts  measured  in  the  "green"  state  were 
first  removed  from  the  platform  and  supports.  Parts  to  be  postcured  were  also  removed 
from  the  platform  and  supports  before  postcure.  Postcure  was  conducted  in  three  stages: 
bottom  side  up  for  two  hours  using  four  lamps  (40  watts  each)  then  top  side  up  for  two 
hours  using  four  lamps,  and  finally,  top  side  up  for  two  hours  using  eight  lamps. 

Part  Geometries 


The  following  part  geometries  were  tested:  2"  x  2"  x  0.08"  (  5.08  x  5.08  x  0.2  cm) 
plates,  2"  x  2"  x  0.08"  plates  with  stress  concentrators,  6"  x  6"  x  0.25"  (  15.24  x  15.24  x 
0.64  cm  )  slabs,  and  twin  cantilevers.  Both  the  6"  x  6"  slab  and  the  twin  cantilevers  are 
standard  3D  Systems  test  parts  and  are  described  in  [4].  The  dimensions  of  the  twin 
cantilever  specimens  are  cited  below. 

The  2"  x  2"  plate  with  stress  concentrators  includes  a  hole  0.60"  in  diameter  which 
provides  stress  concentration,  and  legs  0.25"  x  0.25"  x  0.375"  in  length  which  pin  down 
the  comers  and  thus  promote  curl  at  the  edges.  Supports  for  this  part  did  not  extend  to  the 
outside  edge,  but  to  the  inside  edge  of  the  legs  only. 

Briefly,  the  twin  cantilever  curl  test  involves  building  8  identical  parts  at  one  time 
and  measuring  the  curl  deflection  in  each  arm  of  each  part  in  the  "green"  state.  The 
cantilever  arms  are  6  mm  thick  and  3  mm  wide.  The  unsupported  length  of  each  arm  is  14 
mm.  The  curl  factor  Cf6  is  defined  as  [4]: 

Cf6  =  (M6  -  Mo)/6  mm  *100  Eq.  1 

where  M6  =  the  thickness  of  the  cantilever  arm  measured 
7  mm  away  from  the  base  (nearest  edge) 

Mo  =  the  thickness  of  the  cantilever  arm  measured 
1  mm  away  from  the  base  (nearest  edge). 

The  required  measurements  were  made  using  electronic  calipers  accurate  to  0.001  mm.  All 
measurements  were  made  within  24  hours  after  building  the  parts. 

Moire  Analysis 

Moire  analysis  generates  fringe  patterns  in  which  the  fringes  represent  out-of-plane 
deflections  similar  to  the  lines  on  a  contour  map.  The  technique  is  accomplished  by 
projecting  a  fringe  pattern  onto  the  object  of  interest,  then  viewing  the  object  from  a 
different  direction  [5],  Another  fringe  pattern  is  placed  in  the  viewing  path  where  it  acts  as 
an  analyzer,  reducing  the  data  interpretation  to  fringe  topography. 
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The  out-of-plane  displaeement  associated  with  each  fringe  or  contour  can  he 
calculated  from  the  expression 


w  =  p/(tana  +  tan(3)  Eq.  2 

where:w  is  out-of-plane  displacement, 

p  is  the  grating  pitch  (1/lines  per  inch), 

a  is  the  angle  between  the  analysis  axis 
and  the  normal  to  the  reference  plane,  and 

(3  is  the  angle  between  the  reference  axis 
and  the  normal  to  the  reference  plane. 


For  all  experiments,  p  was  0.004,  a  was  45  degrees  and  P  was  0.0  degrees. 
Therefore,  the  fringe-to-fringe  (e.g.,  black-to-black  or  white-to-white)  spacing  represented 
4  mils  (0.10  mm)  of  deflection.  Thus,  using  interpolation,  about  0.5  to  1.0  mil  of 
deflection  was  measurable.  The  image  is  enhanced  through  the  use  of  a  video  signal 
processor.  The  reconstructed  image  is  displayed  on  a  video  monitor  and  photographed  for 
final  analysis.  A  perfectly  Oat  surface  would  appear  all  black.  A  bowl  shaped  object  would 
appear  as  a  series  of  concentric  rings  with  the  spacing  of  the  rings  proportional  to  the 
curvature  of  the  object.  Out-of-plane  deflection  (w)  is  manually  recorded  as  a  function  of 
the  x  and  y  (in-plane)  dimensions. 

Draw  Styles 

A  software  package  developed  by  Li  [6],  called  "PATTERNDRAW",  allows  the 
operator  to  manipulate  the  SLA-250  vector  files  when  building  parts.  The  software  both 
restructures  the  sequence  in  which  the  vectors  are  to  be  drawn  and  permits  segmentation  of 
the  vectors.  Vectors  can  be  drawn  in  patterns  called:  Alternating,  Centered,  or  Random. 

The  Alternating  pattern  draws  every  other  vector  from  left  to  right  in  a  first  pass  and  the 
remaining  vectors  are  drawn  in  a  second  pass.  With  the  Centered  pattern,  vectors  are  drawn 
from  the  center  of  the  part  outwards  alternating  between  vectors  left  of  center  and  vectors 
right  of  center.  Finally,  with  the  Random  pattern  vectors  are  assigned  numbers  and  then  a 
random  number  generator  is  used  to  select  the  draw  order. 

In  most  cases,  all  vectors  in  one  direction  (e.g.,  x)  are  drawn  before  the  orthogonal 
vectors  and  this  order  is  referred  to  as  X/Y.  The  specification  "Total"  groups  all  vectors  (x 
and  y)  together.  Since  strands  or  vectors  are  not  drawn  in  a  sequential  manner,  individual 
strands  can  shrink  independently.  Strands  can  be  drawn  retracted  from  the  border  as  is 
done  in  STARWEAVEIM.  The  PATTERNDRAW  software  also  allows  the  border  to  be 
drawn  last  instead  of  first.  This  option  can  minimize  the  border  displacement  caused  by 
shrinking  fill  vectors. 

The  vector  segmentation  feature  is  based  on  the  idea  that  the  maximum  deflection  of 
each  strand  is  a  function  of  the  curvature  (which  is  material-property-dependent)  and  the 
length  of  the  strand.  For  example,  a  beam  that  is  fixed  at  one  end  and  has  bending  moments 
applied  at  both  ends  has  a  maximum  deflection  proportional  to  the  square  of  the  beam 
length  [7],  By  reducing  strand  length,  we  can  reduce  net  warpage.  Vectors  can  be 
segmented  with  or  without  spaces  between.  The  segments  making  up  a  layer  can  be  drawn 
randomly  or  sequentially.  As  a  result,  pattern  style,  segment  length,  and  segment  spacing 
all  needed  to  be  studied. 
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Cure  depth  or  overcure  is  another  important  parameter  to  be  studied.  Overcure 
affects  the  overall  degree  of  cure  of  strands  and  the  cure  profile  in  the  depth  or  z  direction. 
Strands  are  cured  from  the  top  down  by  the  passing  laser.  Warpage  of  individual  strands 
occurs  because  a  greater  volume  of  resin  above  the  mid-plane  of  the  strand  is  cured  above 
the  gel  point  than  the  corresponding  volume  of  resin  below  the  mid-plane  of  the  strand.  The 
higher  the  degree  of  cure  the  higher  the  amount  of  shrinkage.  Hence,  greater  overcure, 
which  causes  a  greater  degree  of  cure  in  a  strand,  should  result  in  more  warpage. 

However,  if  the  cure  profile  in  the  z  direction  can  be  made  more  symmetric  by  curing 
deeper  into  the  layer  below,  less  warpage  should  occur.  These  last  two  statements  are 
contradictory  and,  indeed,  contradictory  results  were  obtained  using  overcure  depending  on 
the  in-plane  dimensions  of  the  parts  built. 


RESULTS  AND  DISCUSSION 

For  all  part  geometries  tested,  reductions  in  warpage  compared  with  the  standard 
STAR  WEAVE™  draw  style  were  achieved.  The  effects  of  draw  pattern,  vector 
segmentation,  and  cure  depth  were  evaluated  using  one  or  more  of  the  various  test 
geometries,  and  are  summarized  below. 

Draw  Pattern 

In  addition  to  STARWEAVE™,  three  draw  patterns  were  evaluated:  Alternating, 
Centered,  and  Random.  In  general,  it  has  been  observed  that  the  Alternating  pattern  is 
preferable  to  the  others  for  reducing  warpage  and  improving  dimensional  accuracy.  The 
Random  draw  styles  can  be  effective  in  reducing  warpage,  however,  dimensional 
inaccuracies  may  occur  with  some  geometries.  When  the  laser  draws  vectors  in  a  random 
order  it  crisscrosses  the  vat  many  times.  As  a  result,  holes  or  open  areas  in  the  part  may  be 
filled  in  by  the  laser  movements. 

Two  geometries  were  used  to  compare  draw  patterns  alone.  Experiments  in  which 
draw  pattern  was  tested  in  combination  with  other  parameters  (e.g.,  overcure)  are  discused 
in  subsequent  sections. 

Slab  6*6.  All  6*6  slabs  were  measured  twice,  once  in  the  green  state  after 
removal  from  the  platform,  and  once  after  postcure.  The  deflection  or  warpage  of  the 
bottom  surface  was  measured.  This  is  an  important  point.  The  curvature  or  deflection  of  the 
top  surface  of  a  thick  part  will  not  reflect  the  amount  of  warpage  occurring  in  the  vat  during 
part  building  particularly  for  high-shrinkage  resins  like  XB5081-1.  In  fact,  from  past 
measurements  of  2"  x  2"  x  0.25"  slabs  we  observed  that  the  greater  the  warpage  in  the 
bottom  surface,  the  less  the  warpage  in  the  top  surface.  High  warpage  in  the  first  few 
layers  creates  a  "bowl"  which  is  filled  in  by  subsequent  layers. 

The  Alternating  X/Y  pattern  produced  a  postcured  part  with  7%  less  maximum 
comer  deflection  than  STARWEAVE™  (199  mil  versus  215  mil).  When  Alternating  X/Y 
was  used  with  the  Border  Last  option,  the  reduction  in  maximum  corner  deflection  was 
16%  compared  with  STARWEAVE™  (180  mil  versus  215  mil). 

3D  Systems  Twin  Cantilever.  Two  draw  styles  were  tested,  STARWEAVE™ 
and  Alternating  X/Y.  The  average  curl  factor  for  the  Alternating  pattern  was  measured  to  be 
34%  lower  than  that  for  STARWEAVE™.  The  STARWEAVE™  part  had  a  curl  factor  of 
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26.4%  with  a  standard  deviation  of  3.4.  The  Alternating  X/Y  part  had  a  curl  factor  of  17.5 
with  a  standard  deviation  of  3.4. 

Vector  Segmentation 

In  studies  of  2"  x  2"  x  0.08"  plates  it  was  found  that  the  optimal  segment  spacing 
was  zero.  That  is,  leaving  no  space  between  the  segments  minimizes  the  amount  of  resin  to 
be  cured  in  the  postcure  oven  and,  as  a  result,  minimizes  warpage.  To  use  zero  spacing  and 
still  reap  the  benefits  of  segmentation,  the  vectors  cannot  be  drawn  sequentially.  Any  of  the 
patterns  used  for  whole  vectors,  such  as  Alternating,  can  also  be  used  for  segments. 

Vector  segmentation  was  used  with  Alternating  X/Y,  Random  X/Y,  and  Random 
Total  draw  patterns.  In  most  studies,  overcure  was  used  in  combination  with  vector 
segmentation.  Only  one  geometry.  Slab  6*6,  tested  vector  segmentation  without  overcure. 

Slab  6*6.  Vector  segmentation  was  used  in  combination  with  the  Alternating  X/Y 
draw  style.  The  segment  size  used  was  0.5".  The  average  comer  deflection  for  the  postcure 
segmented-vector  part  was  22%  less  than  that  for  the  ST ARWEAVE™  part;  and  the 
maximum  comer  deflection  was  33%  less  (144  mil  versus  215  mil).  These  improvements 
are  much  better  than  those  for  the  part  made  using  the  Alternating  X/Y  pattern  without 
vector  segmentation.  It  is  suggested  that  the  larger  the  part,  the  more  vector  segmentation 
becomes  important. 


Overcure 

Varying  amounts  of  overcure  were  tested  to  evaluate  its  effects  on  warpage.  For  a 
2"  x  2"  part  it  was  found  with  a  10  mil  slice  thickness  that  warpage  reduction  was 
maximized  with  6  mil  of  overcure.  This  was  true  with  and  without  vector  segmentation. 

For  a  2"  x  2"  part  with  a  5  mil  slice  thickness,  an  overcure  of  3  mils  also  produced  flat 
parts.  The  difference  in  out-of-plane  deflections  between  parts  made  with  and  without 
significant  overcure  was  dramatic.  As  is  discussed  below,  for  the  2"  x  2"  plates  maximum 
corner  deflection  was  reduced  by  79%  by  using  6  mil  of  overcure  for  a  10  mil  slice 
thickness.  There  was  some  variation  in  effectiveness  of  overcure  depending  on  draw 
pattern,  but  ovcrcure  was  overwhelmingly  more  important  in  reducing  warpage  in  small  (2" 
x  2")  parts  than  was  draw  pattern.  The  exact  opposite  was  observed  in  large  parts  made 
with  6  mils  of  overcure.  For  the  Slab  6*6  parts,  overcure  produced  very  warped  parts. 

Slab  6*6.  The  STARWEAVE™  pattern  with  6  mils  of  overcure  was  compared 
with  the  STARWEAVE1  M  pattern  using  0  mil  of  overcure.  The  part  with  overcure  had  4.3% 
more  maximum  comer  deflection  than  the  standard  STARWEAVE™  part.  This  result  is  in 
direct  contrast  to  the  results  for  2"  x  2"  plates,  suggesting  that  vector  segmentation 
combined  with  overcurc  is  necessary  for  building  flat  6"  x  6"  or  larger  parts. 

2"  x  2"  x  0.08”  plates.  A  large  number  of  2"  x  2"  x  0.08"  plates  were  made 
using  both  WEAVE™  and  STARWEAVE™  (with  and  without  overcure), 
Altemating/segmented-vector  (with  overcure),  and  the  Random/segmented-vcctor  (with 
overcure)  draw  patterns.  Also,  the  Border  Last  option  was  tried  with  the  above  draw 
patterns.  The  best  results  were  achieved  using  6  mil  of  overcure.  With  a  6  mil  overcure,  the 
warpage  reduction  was  great  regardless  of  a  particular  draw  pattern.  The  standard 
STARWEAVE™  part  with  no  overcure  had  a  maximum  edge  deflection  of  26  mil  and  a 
maximum  comer  deflection  of  38  mil.  When  the  STARWEAVE™  pattern  was  used  with  6 
mil  overcure  the  maximum  edge  and  comer  deflections  were  reduced  to  10  mil  and  14  mil 
respectively.  (When  the  Border  Last  option  was  used  along  with  overcurc  the  deflections 
were  10  mil  and  10  mil  respectively.)  The  best  overall  results  were  achieved  w'ith  the 
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Random/segmented  vector  draw  style  (6  mil  overcure)  which  had  maximum  edge  and 
corner  deflections  of  7  mil  and  8  mil  respectively.  That  is,  a  79%  reduction  in  maximum 
comer  deflection  was  achieved.  The  best  results  obtained  with  the  Alternating/  segmented 
vector  draw  style  (6  mil  overcure)  were  10  mil  of  maximum  edge  deflection  and  16  mil  of 
maximum  comer  deflection  using  a  segment  size  of  200  mil.  Detailed  results  for  these  parts 
are  listed  in  Table  1. 

Designations  used  in  the  Table  are  as  follows. 

R  indicates  Random  X/Y  draw  pattern 
A  indicates  Alternating  X/Y  draw  pattern 
SV-a/b/c  indicates  segmented  vectors  having  a  segment 
size  =  a,  segment  spacing  =  b,  and  overcure  =  c. 

Unless  otherwise  indicated,  the  parts  were  made  with  the  border  drawn  first. 

2"  x  2"  x  0.08"  plates  with  stress  concentrators.  This  part  which  has  been 
referred  to  as  the  "potty  seat",  has  a  centered  hole  and  is  supported  by  a  short  leg  at  each 
corner.  The  standard  STARWEAVE™  pattern  was  used  twice,  once  with  the  border  drawn 
first,  and  once  with  the  border  drawn  last.  Two  Alternating/  segmented  vector  parts  with 
overcure  (6  mil)  were  made.  The  parts  with  overcure  had  significantly  reduced  warpage 
compared  with  the  STARWEAVE™  parts.  Specifically,  the  overcure  part  having  a  segment 
size  of  50  mils  had  43%  less  maximum  edge  deflection  (12  mil  versus  28  mil)  and  54% 
less  maximum  comer  deflection  (10  mil  versus  26  mil)  than  the  STARWEAVE™  (border 
first)  part.  The  decreased  warpage  resulted  in  increased  dimensional  accuracies  for  the 
Alternating/  segmented  vector  parts.  The  exception  was  the  hole  diameter  dimension  which 
was  poor  in  all  cases  due  to  faceting  errors  rather  than  warpage.The  average  error  measured 
for  the  sides  designed  to  be  2.0"  in  length  was  1.5  mil  for  the  segmented  vector  part  with 
50  mil  segments  and  4.2  mil  for  the  STARWEAVE™  border  first  part.  Both 
STARWEAVE™  parts  had  delamination  at  the  edges;  neither  overcure  part  did.  The 
STARWEAVE™  border  last  part  was  not  flatter  than  the  border  first  part. 

SUMMARY 

Three  stereolithography  build  parameters:  draw  pattern,  vector  segmentation,  and 
overcure  were  studied  to  find  ways  to  decrease  or  eliminate  warpage.  These  parameters 
were  tested  alone  and  in  combination  and  compared  with  the  3D  Systems  draw  style 
STARWEAVE™.  Surface  deflections  were  measured  using  a  projection  moire  apparatus 
having  a  precision  on  the  order  of  1  mil.  Warpage  of  parts  was  typically  compared  by 
comparing  points  of  maximum  deflection  such  as  at  part  edges  and  corners.  A  variety  of 
test  geometries  was  used.  Based  on  the  results  discussed  in  the  previous  sections  the 
following  conclusions  are  made. 

1 .  Small  (<  10%)  to  moderate  reductions  in  warpage 
(compared  with  STARWEAVE™)  can  be  gained  by  using  a 
novel  draw  pattern  such  as  Alternating  X/Y  alone  (i.e., 
without  vector  segmentation  or  overcure). 

2.  Greater  reductions  (>  30%)  in  warpage  can  be  realized  if 
vector  segmentation  is  employed.  The  larger  the 
dimensions  of  the  part  in  the  draw  plane  the  more 
important  vector  segmentation  becomes. 
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3.  For  small  parts  (e.g..  2"  x  2"  plates)  the  use  of  overcure 
can  produce  near  Hat  parts  with  novel  draw  patterns  as 
well  as  STARWEAVE™. 

4.  Overcure  used  alone,  i.e.,  without  vector  segmentation,  to 
build  large  parts  (e.g.,  6"  x  6"  plates)  can  result  in 
increased  warpage  compared  with  no  overcure. 

5.  Drawing  the  border  last  may  result  in  significant  warpage 
reduction  for  thick  (e.g.,  0.25")  parts.  Drawing  the  border 
last  is  less  effective  for  reducing  warpage  in  thin  parts. 


More  work  needs  to  be  done  to  determine  the  relative  importance  of  the  build 
parameters:  draw  pattern,  vector  segmentation,  and  overcure  as  a  function  of  part  size  and 
geometry.  In  particular,  we  need  to  assess  whether  there  is  a  critical  vector  length  at  which 
vector  segmentation  becomes  necessary  to  significantly  reduce  waipage. 
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Table  1.  Edge  and  Corner  Deflections  for  2"  x  2"  x  0,08"  Plate  Specimens 


Draw  Style 

Overcure 

(mils) 

Max.  Edge 
Deflection  (mils) 

Max.  Comer 
Deflection  (mils) 

WEAVE™ 

-1 

30 

44 

STARWEAVE™ 

-1 

26 

38 

STARWEAVE™  (+6) 

6 

10 

14 

STARWEAVE™  (+6) 
(Border  Last) 

6 

10 

10 

Random  X/Y 

0 

30 

44 

Centered  X/Y 

0 

26 

38 

Centered  Total 

0 

32 

50 

A-SV-50/0/6 

6 

10 

20 

A-SV-50/0/6 
(Border  Last) 

6 

14 

20 

SV- A- 100/0/6 

6 

10 

22 

SV- A- 100/0/6 
(Border  Last) 

6 

14 

24 

SV-A-200/0/6 

6 

10 

16 

SV-A-200/0/6 
(Border  Last) 

6 

14 

30 

R-SV- 100/10/6 

6 

20 

30 

R-SV-200/10/4 

4 

20 

28 

R-SV-50/0/5 

4 

17 

22 

R-SV-50/0/8 

8 

8 

12 

R-SV- 100/0/6 

6 

7 

8 

R-SV-50/0/6 

6 

8 

10 
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Abstract 

To  make  the  stereolithography  process  more  useful  in  the  manu¬ 
facturing  industry,  the  dimensional  accuracy  of  the  parts  it  creates 
should  be  very  high.  But  due  to  the  nature  of  the  polymerization 
process  and  the  mechanism  of  laser  scanning,  distortions  are  induced 
in  the  parts.  Curl  distortion  is  a  major  source  of  inaccuracy  in  this 
photopolymer  based  technology.  This  paper  approaches  the  problem 
from  a  process  related  point  of  view  by  addressing  the  major  param¬ 
eters  reponsible  for  curl. The  work  presented  here  is  a  continuation  of 
a  similar  work  presented  at  the  SFF  symposium  in  1993  [1]. 


Introduction 


The  need  for  stereolithography  fabricated  parts  in  areas  like  form  and 
functional  inspection,  tooling  etc.,  has  made  it  imperative  that  the  parts 
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made  using  this  process  be  of  a  high  degree  of  dimensional  accuracy.  To  build 
parts  with  high  levels  of  accuracy  a  number  of  factors  need  to  be  closely  mon¬ 
itored  and  controlled.  However,  models  built  using  stereolithography  suffer 
from  curl  and  other  distortions  which  occur  during  photopolymerization. 


Discussion 


Curl  distortion  in  stereolithography  parts  is  a  consequence  of  the  stresses 
induced  in  the  cured  material  during  acrylate  polymerization  [2],  Curl  may 
be  defined  as  any  out-of-plane  deflection  of  a  flat  layer  and  is  the  result  of  inter 
layer  shear  stresses  generated  during  the  solidification  process  .  It  occurs  in 
a  wide  range  of  situations  and  is  dependent  mainly  on  the  properties  of  the 
photopolymer,  the  part  design,  the  part  building  procedures  and  the  post 
processing  methods  used.  A  few  empirical  criteria  have  been  proposed  to 
minimize  curl.  They  essentially  address  the  inherent  material  characteristics 
like  the  rate  of  polymerization  and  the  shrinkage  behaviour  of  the  polymer. 

This  study  focuses  on  the  problem  of  curl  from  a  build  process  point 
of  view.  Hence  those  parameters  which  determine  the  build  cycle  have  been 
identified  for  experimental  investigation.  Five  essential  parameters  have  been 
selected  based  on  a  similar  study  done  earlier  [1].  they  include  layer  thick¬ 
ness,  writing  style,  hatch  spacing,  hatch  over  cure  and  fill  cure  depth.  Layer 
thickness  is  controlled  by  the  laser  beam  intensity  and  is  the  thickness  of 
each  layer  drawn  on  the  liquid  surface.  It  is  the  thickness  used  by  the  slice 
software  to  partition  the  CAD  model  into  layers.  Writing  styles  are  primarily 
distinguished  by  the  methods  of  printing  hatch  vectors.  They  are  essentially  a 
combination  of  border,  hatch,  fill  vectors  and  overcures  used  to  create  a  solid 
imaged  part  by  stereolithography.  Hatch  spacing  is  the  distance  between  the 
centerlines  of  adjacent  parallel  hatch  vectors  used  to  hatch  the  interior  of  the 
part.  Fill  cure  depth  is  the  depth  of  the  solid  layers  formed  on  the  upper 
and  lower  faces  of  the  solid  part.  A  more  detailed  discussion  on  these  terms 
can  be  found  in  reference  [3].  The  rationale  behind  the  parameter  selection 
is  better  understood  by  taking  a  closer  look  at  the  way  stereolithography 
process  generates  three-dimensional  parts.  There  are  a  few  essential  building 
blocks  that  make  part  generation  possible. 
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Figure  1:  Twin-Cantilever  Test-Piece 

•  a  finite  set  of  layers  of  uniform  thickness  which  make  up  the  three- 
dimensional  object. 

•  a  series  of  uniformly  spaced  laser  scanned  photoploymer  strings  which 
constitute  the  induvidual  layers. 

•  sufficiently  thick  photoplymer  strings  which  tack  successive  layers  of 
material  to  form  a  laminated  object. 

•  closely  drawn  top  and  bottom  boundary  layers  w’hich  hold  the  newly 
formed  part  together. 

In  order  to  study  the  influence  of  variations  in  the  parameters  described 
above  on  the  magnitude  of  curl,  a  twin  cantilever  test-piece  has  been  chosen 
[4].  The  test-piece  is  illustrated  in  Fig  1. 

The  chord  height  of  the  distorted  twin  cantilever  surface  has  been  used 
as  a  measure  of  the  curl  induced.  A  number  of  test-pieces  were  built  using 
different  ranges  of  these  parameters.  Two  different  writing  styles-  Hatch  and 
Weave  have  been  investigated.  Table  1  and  Table  2  show  the  ranges  of  the 
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Table  1:  Ranges  of  the  Process  Parameters  for  Hatch  Writing  Style 


parameter 

value 

Layer  Thickness 

10  5  7.4 

Hatch  Spacing 

20  30 

Hatch  Overcure 

-2  2  5  6 

Fill  Cure  Depth 

5  15  25 

four  parameters-  layer  thickness,  hatch  spacing,  hatch  overcure  and  fill  cure 
depth,  used  to  build  parts  with  hatch  and  weave  styles  respectively.  In  the 
study  the  weave  writing  patterns  two  more  parameters  have  been  included 
;  namely,  retraction  (RET)  and  alternate- staggering  (ALTS).  All  values  are 
in  mils  (.001  inch). 

The  choice  of  these  range  values  was  based  on  the  ease  of  processing  the 
parts  and  the  build  time  efficiency.  It  has  been  found  that  layer  thickness 
directly  controls  build  cycle  times  [3].  If  thickness  of  the  layers  is  held  below 
5  mils,  then  the  recoating  process  consumes  a  great  majority  of  the  time.  If 
layer  thicknesses  above  10  mils  are  chosen,  the  build  cycle  efficiency  drops 
because  the  laser  scan  velocity  needs  to  be  kept  low  in  order  to  draw  thicker 
layers.  Hatch  spacing  values  between  10  mils  and  35  mils  were  chosen  because 
levels  lower  than  10  mils  increase  build  times  while  levels  above  35  mils  leave 
a  considerable  fraction  of  the  liquid  in  the  uncured  state. 

Owing  to  the  nature  of  the  weave  patterns,  the  hatch  spacing  values  have 
been  held  low  in  the  weave  writing  style  in  order  to  generate  parts  with 
sufficient  green  strength.  The  choice  of  values  for  hatch  overcure  was  based 
on  the  principle  of  balancing  the  opposing  effects  of  layer  delamination  and 
curl  distortion.  Earlier  studies  indicate  that  the  values  of  fill  cure  depth 
between  0  mils  and  25  mils  produce  good  results  [1]. 

With  these  range  values  a  number  of  test-pieces  were  built.  However,  it 
has  been  observed  that  with  particular  combinations  of  these  various  param¬ 
eters  the  part  building  was  unsuccessful.  For  the  purpose  of  analysis  a  part 
is  considered  to  have  failed  if  it  does  not  meet  the  following  two  conditions: 
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Table  2:  Ranges  of  the  Process  Parameters  for  Weave  Writing  Style 


parameter 

value 

Layer  Thickness 

5  10 

Hatch  Spacing 

9  12 

Hatch  Over  cure 

0  2 

Fill  Cure  Depth 

0  25 

Retraction 

Off  On 

Alternating-staggering 

Off  On 

•  if  it  does  not  have  enough  green  strength  to  hold  togther  while  being 
removed  from  the  build  platform,  or 

•  if  after  the  postcuring  operation,  layer  delamination  occurs  and  the 
dimensional  integrity  of  the  part  is  lost. 

The  material  used  for  the  experimental  study  is  the  Du  Pont  SOMOS 
3100  solid  imaging  photopolymer  [5].  The  test-pieces  which  have  been  suc¬ 
cessfully  built  were  removed  from  the  platform,  cleaned  in  a  blast  of  dry  air 
and  postcured  in  a  UV  oven  for  10  minutes.  The  postcured  parts  were  then 
measured  for  curl  by  estimating  the  chord  height  of  the  cantilevers  using  a 
dial  gauge.  Next,  the  resulting  data  has  been  statistically  analysed.  First, 
an  analysis  of  variance  (ANOVA)  was  performed  on  the  data  to  test  for  the 
relative  importance  of  the  parameters.  In  performing  the  analysis  of  vari¬ 
ance,  a  full  factorial  model  was  considered  and  the  influence  of  all  the  main 
and  interaction  effects  computed.  A  factorial  experiment  is  an  experiment 
which  extracts  information  on  several  design  factors  more  efficiently  than  can 
be  done  by  the  traditional  tests  involving  the  study  of  the  effect  of  a  single 
factor  on  some  characteristic.  The  main  objective  in  a  factorial  experiment 
is  to  determine  the  effect  of  various  factors  (independent  variables)  on  some 
characteristic  of  a  product  (dependent  variable)  of  interest.  Linear  analysis 
of  models  can  be  applied  to  study  these  kinds  of  situations.  The  principle  on 
which  the  analysis  of  variance  (ANOVA)  works  is  that,  when  several  sources 
of  variations  are  acting  simultaneously  on  a  set  of  observations,  the  variance 
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in  these  observations  is  the  sum  of  the  variances  of  the  independent  sources. 
This  property  makes  the  application  of  ANOVA  particularly  useful  in  facto¬ 
rial  experiments.  By  this  method,  the  total  variation  within  an  experiment 
can  be  broken  down  into  variations  due  to  each  main  factor,  interacting  fac¬ 
tors,  and  residual  (experimental)  error.  The  significance  of  each  variation  is 
then  tested. 

From  this  analysis  a  selection  of  variables  was  made  depending  on  contri¬ 
bution  of  each  of  these  terms  to  the  model  sum  of  squares  and  their  signifi¬ 
cance,  as  determined  by  a  F-test.  The  term  Pr  indicates  whether  a  particular 
parameter  is  significant  in  explaining  the  variation  in  the  model.  A  Pr  value 
less  than  .05  denotes  that  the  parameter  is  important  [6].  Based  on  the 
results  of  this  analysis,  statistically  significant  terms  have  been  chosen  to 
describe  the  model.  For  the  purpose  of  analysis  the  hatch  and  weave  styles 
have  been  treated  seperately. 

With  the  hatch  writing  style  a  total  of  160  different  specimens  were  suc¬ 
cessfully  built  using  various  combinations  of  layer  thickness,  hatch  spacing, 
fill  cure  depth  and  hatch  overcure.  In  order  to  minimize  discrepancies  during 
part  building  and  measurement  errors,  four  identical  sets  of  these  160  speci¬ 
mens  were  built  and  the  mean  value  of  the  curl  at  each  combination  of  these 
four  parameters  was  used  for  the  analysis.  Particular  combinations  of  these 
four  parameters  resulted  in  failed  parts.  They  have  not  been  considered  in 
the  data  analysis.  The  results  of  the  data  analysis  are  presented  in  Table  3. 

Table  3  shows  the  statistically  significant  terms.  DF  represents  the  num¬ 
ber  of  degrees  of  freedom.  SS  is  the  sum  of  squares  of  the  terms  while  MS 
represents  the  mean  sum  of  squares  of  the  terms.  F  value  is  the  ratio  of 
the  mean  sum  of  squares  of  the  model  and  the  mean  sum  of  squares  of  the 
error.  F  ratio  judges  the  significance  of  the  model  as  a  whoe  after  fitting  the 
intercept.  Pr,  which  is  the  significance  probability  for  a  particular  value  of  F 
is  a  test  of  the  hypothesis  that  all  parameters  except  the  intercept  are  zero. 
The  significance  probability  measures  the  probability  that  you  would  get  an 
even  larger  F  value  given  the  hypotheses  to  be  true.  This  test  is  usually  very 
significant  since  most  regression  models  fit  better  than  the  simpe  intercept 
model. 

A  more  detailed  description  of  these  terms  can  be  found  elsewhere  [6].  The 
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Tabic  3:  Results  of  the  ANOVA  Procedure-  Hatch  Writing  Style 


Source 

DF 

SS 

MS 

F  value 

Pr 

Model 

24 

18933.96 

788.91 

136.26 

0.0001 

Error 

135 

781.60 

5.79 

- 

- 

Corrected  Total 

159 

19715.56 

- 

- 

- 

LT 

2 

40.63 

20.32 

3.51 

.0327 

IIS 

1 

4010.70 

4010.70 

692.74 

.0001 

FCD 

2 

3210.53 

1605.27 

277.27 

.0001 

HOC 

2 

2067.56 

1033.78 

178.56 

.0001 

LT*HS 

2 

59.02 

29.51 

5.10 

.0073 

LT*FCD 

4 

161.05 

40.26 

6.95 

.0001 

IIS*  FCD 

2 

3844.02 

1922.01 

331.97 

.0001 

LT*IIOC 

4 

141.55 

35.39 

6.11 

.0001 

Table  4:  Results  of  the  ANOVA  Procedure-  Weave  Writing  Style 


Source 

DF 

SS 

MS 

F  value 

Pr 

Model 

10 

5628.101 

562.81 

14.85 

0.0001 

Error 

109 

4132.38 

37.91 

- 

- 

Corrected  Total 

119 

9760.48 

- 

- 

- 

LT 

1 

570.05 

570.05 

15.04 

.0002 

US 

1 

953.07 

953.07 

25.14 

.0001 

FCD 

1 

710.61 

710.61 

18.74 

.0001 

HOC 

1 

2375.74 

2375.74 

62.67 

.0001 

RET 

1 

520.29 

520.29 

13.72 

.0003 

ALTS 

1 

8.81 

8.81 

.23 

.6308 

IIS*  RET 

1 

340.62 

340.62 

8.98 

.0034 

IIS*  HOC 

1 

254.86 

254.86 

6.72 

.0108 

LT  *  RET 

1 

272.24 

272.24 

7.18 

.0085 

LT*IIOC 

1 

986.65 

986.65 

26.02 

.0001 
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results  of  the  analysis  show  that  the  four  main  parameters:  layer  thickness 
(LT),  hatch  spacing  (HS),  fill  cure  depth  (FCD)  and  hatch  over  cure  (HOC) 
and  the  ineractions  between  LT  &  HS,  LT  &  FCD,  HS  &  FCD  and  LT  & 
HOC  explain  around  95  %  of  the  variation  in  curl.  The  mean  value  of  curl 
for  the  entire  set  of  observations  has  been  found  to  be  around  3.3  mils.  A 
more  detailed  presentation  of  the  results  can  be  found  in  reference  [7]. 

With  the  weave  writing  style  a  total  of  120  different  specimens  were  suc¬ 
cessfully  built.  Part  failures  in  this  style  were  significantly  higher  than  in  the 
hatch  style.  The  results  of  the  data  analysis  are  presented  in  Table  4.  Anal¬ 
ysis  of  the  results  obtained  for  specimens  built  using  weave  styles  shows  that 
the  main  parameters:  LT,  HS,  FCD,  HOC  and  RET  and  the  interactions 
between  HS  &  RET,  HS  &  HOC,  LT  &  RET  and  LT  &  HOC  are  significant. 
However,  The  results  indicate  that  these  parameters  account  for  only  aroud 
57  %  of  the  variation  in  the  distortion  [7].  Interestingly,  the  influence  of 
alternate  staggering  on  the  curl  is  not  significant.  The  average  value  of  curl 
distortion  obtained  for  the  entire  set  of  data  presented  in  Table  4  is  around 
25.3  mils. 

From  the  results  obtained  so  far  it  is  observed  that  the  hatch  writing 
style  yields  better  results  than  the  weave  style.  It  was  possible  to  generate 
dimensionally  more  accurate  specimens  using  the  hatch  style.  With  regard 
to  the  hatch  writing  style  it  is  possible  to  define  a  working  domain,  wherein 
consistently  good  and  accurate  parts  can  be  built  [7].  More  experiments  need 
to  be  conducted  to  study  the  high  failure  rate  of  the  weave  specimens  and 
the  high  magnitude  of  curl  distortion  observed  in  those  parts  which  were 
successful. 
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ABSTRACT 

During  the  construction  of  an  object  by  layered  manufacturing,  it  might  be 
necessary  to  build  external  supports  either  to  prevent  the  object  from  toppling,  or  to  support 
floating  components  and  overhanging  material.  The  support  structures,  if  necessary,  must 
be  built  simultaneously  with  the  object,  and  hence  must  be  accounted  for  in  the  path 
planning  of  the  laser  beam  or  the  deposition  nozzle.  In  this  paper,  we  find  the  best  direction 
of  formation  of  an  object  by  layered  manufacturing  process  that  allows  the  use  of  support 
structures.  In  the  orientation  determined  by  the  best  direction  of  formation,  the  object  is 
constructible  with  a  minimal  support  structure,  is  stable,  and  rests  on  a  planar  base. 
Implementation  results  are  also  included. 


1.  INTRODUCTION 

Layered  manufacturing  is  a  method  of  rapid  prototyping  where  objects  are 
constructed  layer  by  layer;  see  [1]  for  an  overview  of  various  methods  and  application 
areas.  Many  different  processes  are  available  for  layered  manufacturing,  but  we  are 
concerned  only  with  those  processes  that  might  require  the  use  of  external  support 
structures  during  the  formation  of  the  object.  Two  common  examples  of  machines  that  use 
this  type  of  process  are  stereolithography  as  found  in  3D  Systems  machines  and  material 
deposition  methods  as  found  in  machines  built  by  Stratasys.  (To  the  best  of  our 
knowledge,  in  the  layered  manufacturing  machines  of  Cubital,  Helisys,  DTM,  and  MD* 
the  object  is  enclosed  in  material  that  acts  as  support,  so  no  external  support  structure  is 
needed.) 

By  external  support  structures,  we  refer  to  the  scaffolds  that  have  to  be  built 
simultaneously  with  an  object  in  order  to  prevent  it  from  toppling  and  to  support  material 
that  would  otherwise  droop  or  fall.  Therefore,  for  some  layered  manufacturing  methods 
the  inclusion  of  support  structures  increases  the  domain  of  parts  that  are  constructible. 

In  this  paper,  we  describe  a  method  for  determining  the  best  orientation  for 
constructing  an  object  by  layered  manufacturing.  The  criteria  for  choosing  the  orientation 
include  stability  of  the  object  and  minimum  area  of  contact  with  support  structures. 


2.  NEED  FOR  SUPPORT  STRUCTURES 

To  motivate  the  need  for  support  structures,  we  briefly  describe  the 
stereolithography  process,  a  popular  layered  manufacturing  technique.  The  object  is 
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constructed  in  a  vat  of  photocurable  liquid  on  a  platform  whose  height  can  be  controlled. 

At  first  the  platform  is  just  below  the  surface  of  the  liquid  at  a  distance  of  one  layer 
thickness.  A  laser  'draws'  the  first  layer  of  the  object  on  the  liquid,  causing  the  liquid  to 
harden.  The  platform  is  lowered  to  expose  another  layer  of  liquid  on  the  surface  and  the 
laser  draws  the  next  layer  of  the  object.  This  process  continues  until  the  object  is  formed. 

In  material  deposition  methods,  the  concept  is  similar,  except  here  a  material  laying  nozzle 
plays  the  role  of  the  laser  and  liquid.  Note,  in  the  current  methods,  layers  of  constant 
thickness  are  used  [2];  a  method  for  determining  best  orientation  for  minimizing  the  number 
of  slices  of  variable  thickness  and  the  total  stair-case  area  see  [4]. 

Consider  an  object  to  be  built  in  a  given  orientation.  Support  structure  will  be 
needed  in  three  different  situations.  The  most  common  need  for  support  structure  occurs 
when  material  on  one  layer  overhangs  the  previous  layer  by  more  than  a  specified  amount. 
In  Figure  1  based  on  the  allowable  overhang,  face  B  might  require  a  support  but  not  face 
A.  Note,  in  this  case,  supports  are  not  required  to  prevent  the  object  from  toppling. 


Figure  1.  Support  required  for  face  B  but  not  for  face  A. 


Including  support  structure  to  take  care  of  this  case  is  often  sufficient  to  handle  the 
remaining  two  cases  (and  currently  in  practice  the  automatic  computation  of  support 
structure  stops  here).  The  second  situation  where  support  structures  are  needed  is  when  a 
'floating'  component  is  introduced  during  the  construction.  These  are  parts  of  the  object 
introduced  at  a  height  greater  than  zero  but  not  joined  to  the  rest  of  the  object  until  later  in 
the  construction;  see,  for  example,  Figure  2. 


During  Construction 


Figure  2.  During  the  construction  of  the  object,  support 
structure  is  required  to  carry  the  floating  component. 


The  third  case  where  external  supports  might  be  required  is  when  the  object 
becomes  unstable  during  the  construction.  In  Figure  3,  the  object  will  topple  if  the  face 
indicated  by  the  arrow  is  not  supported.  Note,  this  situation  is  different  from  the  one 
illustrated  in  Figure  1  where  the  object  is  in  a  stable  orientation. 
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Figure  3.  To  prevent  the  object  from  falling,  support 
structure  is  needed  on  the  indicated  face. 


We  note,  the  need  for  support  structures  in  the  third  case  is  somewhat  weak  if 
considered  in  light  of  the  physical  process.  Factors  include  the  fact  that  the  object's  base 
usually  weakly  adheres  to  the  platform  on  which  the  object  is  grown,  and  in  the  case  of 
stereolithography  the  liquid  in  which  the  object  sits  adds  further  stability.  However, 
situations  where  stability  is  an  issue  are  conceivable. 


Figure  4.  Examples  of  support  structure  for  the  objects  shown  in  the 
Figures  1,  2,  and  3.  Notice  that  the  second  object  needed  support  structure 
at  the  top  of  the  handle  because  of  overhang  between  layers,  and  support  at 
the  bottom  of  the  handle  because  of  a  floating  component. 


Our  approach  imposes  no  restrictions  on  the  geometric  domain  of  objects.  In 
addition  to  solid  objects  with  or  without  voids,  we  also  consider  the  layer  manufacture  of 
(thin)  surfaces,  e.g.,  a  hollow  cylinder,  sheet  metal  parts,  etc.  However,  we  make  the 
assumption  that  a  curved  surface  cannot  act  as  a  base  for  the  construction.  This  assumption 
stems  from  the  observation  that  whenever  a  physical  object,  at  rest  on  some  plane  P,  is  in  a 
stable  orientation,  it  has  at  least  a  3-point  contact  with  P.  This  contact  requirement  can  be 
met  whenever  the  object  has  either  of  the  following  in  contact  with  P:  (i)  three  distinct  non- 
collinear  points,  (ii)  a  line  and  a  point,  (iii)  a  plane,  (iv)  a  non-degenerate  planar  curve.  For 
example,  a  sphere  resting  on  a  plane  will  not  meet  any  of  the  aforementioned  requirements, 
and  hence  is  unstable. 

For  any  object  G,  every  planar  face  on  the  convex  hull  of  G  will  either  be  an 
(original)  face  of  G,  or  will  be  a  (new)  face  that  satisfies  the  contact  criteria.  Therefore,  our 
approach  to  determine  stable  orientation  involves  reasoning  based  on  the  convex  hull  of  the 
object.  To  compute  the  convex  hull  of  an  object  we  require  sample  points  on  its  surface. 
We  adopt  this  point  based  approach  due  to  the  difficulties  in  computing  the  convex  hull  of 
free  form  objects.  In  this  paper,  we  first  facet  (triangulate)  the  object  and  then  use  the 
vertex  set  of  the  faceted  object  as  sample  points. 
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We  assume  every  object  to  be  constructible  and  every  orientation  (for  construction) 
to  be  valid  with  the  addition  of  sufficient  support  structures;  see  Figure  4.  The  interested 
reader  can  compare  this  use  of  support  structures  to  the  approach  taken  in  [5].  In  that 
paper,  polyhedral  objects  are  tested  for  orientations  in  which  the  object  has  no  overhanging 
material  between  layers.  Any  object  without  such  an  orientation,  according  to  [5],  is  not 
constructible. 

The  support  structures  are  built,  layer  by  layer,  simultaneously  with  the  object. 
After  the  object  is  constructed,  the  support  structure  must  be  removed,  often  manually.  For 
a  complicated  object  this  removal  may  be  difficult,  requiring  the  supports  to  be  dug  out  of 
tight  spaces,  while  also  reducing  the  quality  of  the  surface  finish.  To  reduce  the  time 
required  to  manufacture  the  object  and  to  improve  the  quality  of  the  surface  finish,  we  wish 
to  minimize  the  surface  area  of  the  support  structure  that  is  in  contact  with  the  object. 
Finally,  given  two  orientations  of  an  object  with  the  same  amount  of  support  structure,  our 
algorithm  will  pick  the  orientation  in  which  the  object  is  more  stable,  i.e.,  has  lower  center 
of  mass. 

In  addition  to  [5],  the  problem  of  determining  optimal  orientation  in  layered 
manufacturing  has  been  considered  in  [3]  where  simulated  annealing  (SA)  is  used  for 
selecting  the  orientation.  Orientations  are  evaluated  with  respect  to  the  object's  height,  the 
total  area  of  the  surfaces  of  the  object  subject  to  staircase  effect,  and  the  volume  of  the 
trapped  liquid  (specific  to  SLA  process  without  regard  to  support  structure). 


3.  DEFINITIONS 

We  define  the  following  with  respect  to  an  object  G  that  is  being  considered  for  layered 
manufacture  with  a  direction  of  formation  along  the  z-axis. 

Up  vector:  The  up_vector  is  a  unit  vector  that  specifies  an  orientation  of  G. 

Base:  The  base  of  G  is  the  convex  hull  of  the  set  of  points  on  G  whose  dot  product  with 
the  up_vector  is  minimal. 

The  orientation  of  G  during  formation  is  obtained  by  rotating  G  so  that  the  up_vector  is 
parallel  to  the  positive  z-axis  and  then  translating  G  so  that  its  base  rests  on  the  x-y  plane. 
See  Figure  5. 
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Figure  5.  a)  An  object  given  in  it's  initial  orientation  with  an 
up_vector  v,  and  b)  the  orientation  determined  by  v. 


Supported_P oint:  A  point  p  on  the  surface  of  G  is  a  supported_point  if  the  following  hold: 

i.  the  outward  pointing  normal  at  p  has  a  negative  z  coordinate 

ii.  p  lies  on  the  surface  of  a  support  structure  for  G 
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All  other  points  on  G  are  unsupported_points.  Each  sample  point  chosen  on  G  is  classified 
as  supported  or  unsupported.  This  information  is  used  later  to  construct  an  approximation 
to  the  necessary  support  structure. 

Extended  Base: 

An  extended  base  of  G  is  the  convex  hull  of  point  sets  Pi  and  P2  where  Pi  contains 
all  sample  points  of  G  that  lie  in  the  x-y  plane  and  P2  contains  the  projection  into  the  x-y 
plane  of  all  supported_points  of  G;  see  also  Figure  6. 


Figure  6.  a)  An  object  and  its  direction  of  formation.  Note  that  some  of  the 
sample  points  on  the  handle  must  be  supported,  since  during  the  construction  a 
floating  component  is  introduced,  b)  The  base  of  the  object,  c)  The  extended 
base  of  the  object. 


4.  THE  ALGORITHM 

Our  method  for  the  determination  of  the  best  orientation  for  the  layered  manufacture 
of  an  object  consists  of  three  steps.  First,  a  candidate  list  of  orientations  for  the  object  is 
made.  Second,  for  each  orientation  in  this  list,  an  approximation  to  a  sufficient  support 
structure  for  the  construction  of  the  object  is  computed.  Also,  the  center  of  mass  of  the 
object  in  this  orientation  is  found.  Finally,  the  best  orientation  is  selected  from  the 
candidate  list.  The  selection  criteria  includes  (i)  the  surface  area  of  contact  between  the 
support  structure  and  the  object,  which  we  seek  to  minimize,  and  (ii)  the  stability  of  the 
object. 


4.1  Determination  of  Candidate  List  of  Orientations 

Consider  an  object  G.  The  sample  points  of  G  are  elements  of  the  vertex  set  of  the 
faceted  representation  (triangulation)  of  G.  Let  CH(G)  denote  the  convex  hull  of  the  set  of 
sample  points.  Note,  if  G  did  not  contain  any  planar  faces,  then  CH(G)  could  possibly 
contain  a  large  number  of  faces  depending  on  the  coarseness  of  the  triangulation. 

The  inward  pointing  normal  to  each  face  /  of  CH(G)  corresponds  to  the  upjvector 
for  the  orientation  of  G  with /  as  the  base.  In  order  to  limit  the  number  of  candidate 
orientations,  we  use  only  those  up_vectors  that  correspond  to  faces  of  CH(G)  with  a 

relatively  large  area.  First,  we  set  a  threshold  value  X  for  the  surface  area  of  a  face.  In 

general,  X  is  chosen  higher  than  the  value  for  the  area  of  a  facet  that  corresponds  to  a 
curved  surface  region  of  the  original  object  G.  Next,  all  faces  that  have  surface  area  less 
than  X  are  eliminated.  The  up_vectors  corresponding  to  the  remaining  faces  of  CH(G), 

with  surface  area  greater  than  X,  form  the  list  of  candidate  orientations.  In  these 
orientations,  G  sits  on  a  large  base  which  acts  to  increase  stability  and  decrease  the  size  of 
the  support  structure  needed. 
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4.2  Computation  of  the  Support  Structure 

Consider  an  object  G  and  an  up_vector  v.  The  computation  of  the  approximate 
support  structure  for  G  in  the  orientation  corresponding  to  v  can  be  broken  down  into  the 
following  steps.  First,  G  is  moved  into  the  orientation  corresponding  to  v.  Second,  the 
sample  points  on  G  are  classified  as  either  supported  or  unsupported.  Third,  using  the 
classification  of  the  sample  points  and  normals  on  G’s  surface,  an  approximate  support 
structure  is  made.  We  elaborate  on  the  second  and  the  third  steps  next. 

4.2.1  Classification  of  Sample  Points 

Initially  all  sample  points  in  G  are  classified  as  unsupported.  A  sample  point  p  will 
be  classified  as  supported  if,  after  adding  support  at  p,  either  of  the  following  hold: 

(i)  a  floating  component  introduced  during  the  construction  of  G  is  supported 

(ii)  a  component,  that  would  otherwise  topple  as  the  object  is  grown,  is  stabilized; 
see  Figure  7. 

To  determine  which  sample  points  need  to  be  supported,  the  growth  of  G  is  simulated. 

This  simulation  is  necessary  due  to  the  difficulties  in  tracking  the  center  of  mass  of  a  curved 
object  as  the  object  is  formed.  We  note  that  if  the  object  domain  were  restricted  to 
polyhedral  objects,  such  an  approach  would  not  be  necessary. 


Figure  7.  a)  The  profile  of  an  object  G,  and  b)  the  connected  components  of  G 
during  formation.  The  component  D  is  unstable.  C  is  floating.  Adding  support 
at  the  indicated  sample  points  would  stabilize  these  components. 


If  a  new  component  C  is  introduced  during  G's  growth,  then  C  is  floating  since  its 
extended  base  does  not  lie  on  the  x-y  plane.  See  Figure  7.  To  indicate  the  need  for 
support  on  C,  all  sample  points  in  the  new  component  are  classified  as  supported.  When 
the  next  layer  is  added,  the  component  is  no  longer  new.  Global  methods  exist  for  the 
detection  of  floating  components  that  do  not  involve  the  growth  of  G.  However,  since  G 
must  be  grown  to  test  for  unstable  components,  we  make  use  of  this  simulation  here. 

As  layers  are  added,  the  center  of  mass  of  each  connected  component  of  the 
partially  formed  object  is  computed.  If  the  center  of  mass  of  some  connected  component  D 
is  not  directly  above  its  extended  base  then  component  D  is  unstable.  D  can  be  stabilized 
by  adding  support  to  G  at  sample  points  that  lie  in  D,  so  that  D's  center  of  mass  lies  above 
the  new  extended  base.  (See  Figure  7.) 

4.2.2  Computing  Approximate  Support  Structure  (Rays  Structure) 

Assume  the  object  G  is  in  some  (candidate)  orientation.  The  approximate  support 
structure  for  the  object  in  a  particular  orientation  is  stored  in  a  (n¥n)  array  which  we  refer  to 
as  the  rays_structure.  The  cells  of  rays_structure  correspond  to  a  grid  of  rectangles  in  the 
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x-y  plane.  The  projection  of  G  onto  the  x-y  plane  is  contained  in  the  union  of  these 
rectangles.  Let  pij  denote  the  center  of  rectangle  (i,j)  in  the  x-y  plane  and  let  Ljj  be  the  half¬ 
line  originating  at  pij  and  parallel  to  the  z-axis.  The  points  of  intersection  between  the 
object  G  and  Ly  is  stored  in  the  cell  (i,j)  of  rays_structure.  Note,  there  can  be  several 
points  of  intersections  between  Ly  and  G.  These  points  are  stored  in  the  same  order  as  Lij 
intersects  G,  i.e.,  the  points  have  increasing  z  values. 

Next,  these  points  of  intersection  are  classified.  The  primary  classification  is  based 
on  the  direction  of  the  face  normal.  If  the  face  normal  points  upwards  the  corresponding 
point  on  G  does  not  require  support;  all  other  points  may  require  support.  Next,  for  points 
that  may  require  support,  a  classification  of  supported  or  unsupported  is  done.  Initially, 

support  will  be  added  to  those  points  where  the  angle  a,  between  the  face  normal  and  the 

negative  z  axis,  is  smaller  than  a  user  specified  angle  (3.  Decreasing  values  of  a  (down  to  0 
degrees)  correspond  to  increasing  material  overhang  from  the  previous  layer  during  the 

construction;  see  Figure  8.  So,  if  a  is  less  than  the  user  specified  (3,  the  point  of 
intersection  is  classified  as  supported;  all  others  are  classified  as  unsupported. 


Figure  8.  a)  An  object  G  and  the  angles  ao  and  cq  between 
the  normals  to  G's  surface  and  the  negative  z-axis.  b)  The 
layers  added  in  the  formation  of  G.  Note  the  overhang 

between  layers  is  greater  for  the  smaller  angle  oq. 


After  the  initial  rays_structure  classification,  the  support  information  that  was 
attached  to  the  sample  points  is  used  to  complete  the  approximate  support  structure.  A 
sample  point  p  of  an  object  G  is  classified  as  supported  only  when  the  support  structure 
added  at  p  helps  stabilize  G  or  carries  a  floating  component  of  G.  So  to  ensure  that  adding 
support  at  p  doesn't  create  a  new  unstable  component,  the  support  structure  here  is  grown 
from  the  x-y  plane;  see  Figure  9.  With  this  in  mind,  let  p  be  any  supported  sample  point. 
Suppose  p  lies  above  the  rectangle  in  the  x-y  plane  that  has  center  p[j.  Then  each  point  of 
intersection  of  G  and  Lij  with  support  type  not  supported  that  has  z  value  near  or  below  the 
z  value  of  p  is  changed  to  type  supported.  Once  each  sample  point's  contribution  is 
included,  the  approximate  support  structure  stored  in  rays_structure  is  a  sufficient  support 
for  the  object  during  its  manufacture. 
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Figure  9.  a)  Supported  sample  point  p  on  G,  and  b)  the 
classification  of  the  points  of  intersection  of  Lij  and  G. 


By  the  above  process,  all  points  of  intersection  corresponding  to  each  half-line  are 
classified  (as  inside,  supported,  or  unsupported).  These  points  break  the  half-line  into 
several  line  segments;  those  segments  between  consecutive  points  of  intersection  along  the 
ray.  Since,  the  points  are  stored  in  rays_structure  in  order  of  increasing  z- values,  the 
points  alternate  between  inside  and  supported/unsupported;  see  Figure  9. 

Finally,  we  add  the  approximate  support  structures  by  considering  the  directed  line 
segments  corresponding  to  each  half-line.  First,  a  support  structure  is  added  to  each  line 
segment  1  =  (u,v)  where  the  endpoints  u  =  point  on  the  x-y  base,  and  v  =  supported  point 
on  G.  This  corresponds  to  adding  support  structures  A  in  figure  10  (b).  Next,  support 
structures  are  added  to  line  segments  1  =  (u,v)  where  the  end  points  u  =  inside  and  v  = 
supported.  This  step  corresponds  to  adding  the  support  structure  B  in  figure  10  (b).  This 
is  required  to  add  support  at  intermediate  levels.  Finally,  the  total  surface  area  of  contact 
between  a  support  structure  and  the  object  G  is  computed  as  the  product  of  the  area  of  the 
base  of  the  cell  times  the  number  of  places  where  the  support  touches  the  object. 


Figure  10.  a)  An  object  G,  and  b)  a  graphical  representation  of  the 
support  structure  approximated  by  the  rays  structure  for  G.  Note  that 
support  A  is  added  to  carry  a  floating  component  and  support  B  is  added 
to  support  overhangs. 


Therefore,  by  using  each  half  line  Ljj  to  approximate  the  support  structure  needed 
over  the  corresponding  box  in  the  x-y  plane,  the  information  stored  in  the  rays_structure  is 
used  to  quickly  calculate  the  surface  area  of  the  support  structure  in  contact  with  the  object. 

The  best  orientation  is  chosen  from  the  list  of  candidate  orientations.  In  this 
orientation  the  support  structure  for  G  has  minimal  surface  area  of  contact  with  G.  If  two 
orientations  require  support  structures  with  equal  surface  areas  of  contact,  the  orientation  in 
which  G  has  a  lower  center  of  mass  is  chosen  as  best. 
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5.  IMPLEMENTATION  AND  RESULTS 


This  algorithm  was  implemented  in  C++  with  the  geometric  modeler  ACIS.  The 
support  types  of  the  sample  points  on  a  face  of  the  object  are  controlled  by  a  height 
attribute  attached  to  the  face.  The  height  signals  that  all  vertices  in  the  faceting  of  the  face 
with  z  values  less  than  or  equal  to  the  height  are  supported.  Individual  control  of  the 
support  attributes  of  the  sample  points  is  lost,  but  in  most  cases  the  resulting  support 
structure  has  little  excess. 


Figure  II.  The  four  candidate  orientations  for  a  coffee  cup  and  the  support 
structure  necessary  for  each. 

The  output  as  shown  in  Figure  1 1  shows  the  four  stable  orientations  that  our 
program  found  for  a  coffee  cup  and  indicates  the  required  support  structure  for  each 
orientation.  The  coffee  cup  is  an  ACIS  model  with  faces  from  planes,  cylinders,  and  tori. 
The  first  orientation  (with  the  cup  opening  upward)  is  the  best  orientation.  The  worst  is 
with  the  cup  opening  downward,  since  in  this  case  the  flat  surface  near  the  top  must  be 
supported.  The  program  was  run  with  an  overhang  threshold  of  30  degrees  (see  Figure  8), 
a  30x30  rays_structure,  and  15  layers  in  the  cups  simulated  growth.  This  example  took 
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about  45  minutes  to  run  on  a  Silicon  Graphics  Indigo  workstation,  where  most  of  this  time 
was  spent  doing  the  initial  rays_structure  computation  for  each  orientation. 


6.  CONCLUDING  REMARKS 

Layered  manufacturing  is  often  described  as  an  attractive  rapid  prototyping  method 
where  CAD  models  can  be  simply  down  loaded  and  physical  prototypes  realized,  without 
having  to  incur  "set  up"  costs.  However,  the  computation  of  part  orientation,  support 
structures,  and  layer  thickness  in  layered  manufacturing  are  quite  complicated  and  time 
consuming  if  done  manually.  In  fact,  such  tasks  are  the  analogue  of  set-up  functions  (i.e., 
tooling,  fixtures,  operations  sequencing,  etc.)  in  conventional  NC  machining.  We 
conjecture,  the  overall  efficiency  of  layered  manufacturing  as  a  production  tool  will  depend 
among  other  things  upon  the  availability  of  efficient  procedures  for  tasks  such  as  the  one 
addressed  in  this  paper. 
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Product  Model  Driven  Direct  Manufacturing 


Per  Carleberg 

Department  of  Manufacturing  Systems 
Royal  Institute  of  Technology 
Stockholm 

Abstract 

The  input  to  the  freeform  fabrication  process  is  essentially  geometric  data,  raw 
material,  material  data  and  process  parameters.  Optimal  process  parameters  depend 
upon  current  material  and  the  part  geometry. 

This  paper  describes  an  research  approach  in  which  all  necessary  input  including 
process  parameters  are  obtained  or  derived  from  the  product  model.  The  part  geo¬ 
metry  with  its  process  parameters  is  transferred  as  a  STEP  model  to  the  SFF  system. 
In  the  SFF  system  this  model  is  converted  to  the  internal  format,  coupled  to  the 
process  parameters.  The  approach  is  exemplified  with  the  SLS  machine  from  DTM 
as  SFF  system. 


Introduction 

The  product  model  as  the  base  for  different  activities,  from  idea  to  final  product,  is 
the  key  to  successful  product  realization.  The  product  model  as  a  knowledge  base 
contains  of  course  geometric  and  technical  data  but  can  also  refer  to  company  speci¬ 
fic  information,  product  background,  history,  synthesis  &  analysis  results,  reasons 
for  decisions  etc. 

Freeform  fabrication  gives  unique  possibilities  to  really  integrate  product  develop¬ 
ment,  design,  process  planning  and  fabrication.  In  particular  the  SFF  technology  is 
conceptually  capable  of  creating  a  very  direct  and  fast  physical  version  of  the 
designers  intent  as  given  in  the  product  model.  This  means  that  product  realization 
with  solid  freeform  fabrication  gives  new  iterative  possibilities.  Fig.  1 .  These  possi¬ 
bilities  put  new  requirements  on  our  models,  our  design  support  and  the  software  for 
freeform  fabrication. 
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Figure  1  Product  Models  (PM)  in  Product  Realization 

Basis  of  Research 

At  the  Department  of  Manufacturing  Systems  at  KTH,  research  has  over  the  years 
been  conducted  on  geometric,  product  and  feature  modeling  etc.  In  a  new  research 
project.  Product  Model  Driven  Direct  Manufacturing  [6],  principles  and  methods 
for  direct  manufacturing  driven  by  product  model  data  is  being  developed.  Fig.  2. 
The  product  model  includes  geometry,  dimensions/tolerances,  functional  surfaces, 
technical  data,  etc.  and  the  process  model  is  utilized  for  the  simulation  and  control 
of  a  machine  tool  such  as  the  Selective  Laser  Sintering  (SLS)  machine. 
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Figure  2  Product  Model  Driven  Direct  Manufacturing 
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In  1993  a  SLS  machine  from  DTM  [11]  was  installed  at  IVF-KTH1  to  serve  as  a 
tool  for  long-term  as  well  as  applications  research.  During  this  first  year  we  have 
gained  considerable  practical  experience  [5,  9]  with  the  SLS  machine.  In  research 
collaboration  with  Swedish  manufacturing  companies  around  150  test  parts  of  vari¬ 
ous  kinds  have  been  produced  in  the  SLS  machine.  One  example  is  an  adjustable 
wrench,  built  in  nylon  with  three  components  and  in  one  operation.  Fig.  3. 


Figure  3  A  wrench,  built  as  one  assembly  in  the  SIS  machine  at  IVF-KTH 


Research  approach 

The  external  interface  to  the  SLS  software  system  consists  today  primarily  of  the 
STL-file  and  process  parameters  such  as  laser  power  and  layer  thickness.  The  STL- 
file  is  internally  sliced  into  layers  from  which  the  scanning  patterns  are  calculated. 
The  process  parameters  can  interactively  be  modified  by  the  operator.  For  different 
materials,  predefined  material  configuration  files  are  used. 

Although  the  present  commercially  available  solution  may  yield  very  good  results, 
it  is  far  away  from  what  is  conceptually  possible,  given  a  product  model  and  a  pre¬ 
dictable  process.  Our  proposal  and  research  approach  is  therefore  to  change  the  cur¬ 
rent  external  interface  in  order  to  make  product  model  driven  direct  manufacturing 
feasible. 

Intelligent  scanning  is  certainly  an  improvement  but  in  the  SLS  process  we  need  to 
have  software  control  of  both  the  laser  beam  scanning  paths  and  corresponding 
process  parameters,  intelligent  sintering  [3,  13].  This  is  not  only  because  of  the  well- 
known  drawbacks  with  the  STL  file  format  [4,  9,  10,  12,  13],  like  gaps  in  the  faceted 
model  or  that  the  resolution  in  the  STL-file  is  fixed  (which  means  that  for  improved 
resolution  the  whole  STL-file  must  be  recalculated  from  the  original  geometric 
model).  It  is  a  combination  of  process  dependent  reasons  and  the  STL  format  that 
makes  the  situation  problematic.  To  underline  the  need  for  the  proposed  change,  a 
number  of  examples  of  present  weaknesses  are  given: 

•  In  the  SLS  process  we  must  compensate  for  the  shrinkage  but  as  the  shrinkage  is 
dependent  upon  part  geometry  (-0.3%)  it  is  almost  impossible  to  find  one  cor¬ 
rect  shrinkage  scale  factor  for  the  whole  part. 


]The  utilization  of  the  equipment  is  shared  by  IVF  (The  Swedish  Institute  of  Production  Engineering  Re¬ 
search)  and  KTH  (The  Royal  Institute  of  Technology). 
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•  The  need  for  compensation  for  the  thickness  of  the  laser  beam  (~0.4  mm),  pre¬ 
sently  done  on  the  STL-file,  is  also  dependent  upon  material  and  part  geometry. 
Very  thin  sections  can  for  example  totally  disappear  or  get  unnecessary  weak.  A 
better  solution  would  be  to  generate  compensated  laser  beam  scanning  paths 
directly  from  the  product  model. 

•  There  is  also  a  need  to  compensate  for  the  applied  energy.  As  the  build  height 
increases,  more  and  more  heat  is  accumulated  in  the  sintered  part  (due  to  the 
applied  laser  energy).  It  is  therefore  desirable  to  modify  the  applied  laser  power 
when  the  build  height  increases.  As  the  amount  of  modification  is  material  and 
part  geometry  dependent  it  should  preferably  be  calculated  by  FEM-like  simula¬ 
tion  programs  [2]  and  by  calculation  of  applied  laser  energy  to  the  powder  sur¬ 
face  [8]. 

•  Another  phenomena  is  that  the  temperature  distribution  is  non-uniform  (partly 
due  to  the  location  of  the  infrared  heaters)  in  the  circular  build  area. 

Although  difficult  one  possible  way  to  compensate  for  this  is  to  have  a  likewise 
non-uniform  scanning  pattern. 

•  The  scanning  direction  is  uni-axial  which  gives  different  accuracy  in  x  and  y 
directions.  With  software  controlled  multi-axial  scanning  patterns  this  problem 
would  disappear  and  the  surface  finish  would  be  improved. 

From  these  examples  we  can  conclude  that  software  control  of  laser  beam  scanning 
paths  and  process  parameters  is  vital  for  the  optimal  generation  of  accurate  and 
dimensionally  stable  parts.  Although  the  given  examples  are  specific  to  the  SLS 
process,  similar  problems  arise  in  most  freeform  fabrication  processes. 

Another  problem  is  the  present  lack  of  possibility  of  having  a  direct  feedback  loop 
in  the  sintering  process  [13],  today  we  have  to  draw  our  conclusions  by  examination 
the  final  part. 

Our  research  approach  now  is  to  compute  optimal  scanning  patterns  and  process 
parameters  from  the  product  and  process  model.  In  this  approach  the  part  geometry 
is  connected  to  process  parameters.  The  STL-file  format  is  not  appropriate  because 
it  contains  no  process  parameters,  no  scanning  contours  and  no  connections  to 
material  data. 

We  propose  the  use  of  a  STEP-based1  format  [1].  There  is  a  need  to  develop  an 
application  protocol2  (AP)  for  freeform  fabrication,  [10,  13].  As  a  first  approach  we 


1  PDES/STEP  (ISO  10303)  is  an  ongoing  project  and  an  international  effort  to  specify  a  series  of  standards  for 
the  unambiguous  representation  and  exchange  of  computer-interpretable  product  information  throughout  the 
life  cycle  of  a  product. 

2prom  the  user  point  of  view,  an  implementation  of  STEP  is  usually  done  in  the  form  of  an  Application  Proto¬ 
col  (AP). 
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intend  to  utilize  the  already  defined  protocol  AP2041  and  by  extension  of  that  proto¬ 
col  we  can  include 

•  process  parameters 

•  scanning  patterns  and 

•  material  data 

and  connect  it  to  the  part  geometry.  We  call  this  model  a  general  SFF  model.  In  our 
first  approach  it  consists  of  a  number  of  strategic  discs,  Fig.  4.  A  proper  location  and 
thickness  of  each  disc  can  be  calculated  by  use  of  a  process  model  and  analysis  & 
simulation  programs  that  calculates  heat  transfer,  shrinkage  etc.  according  to  simu¬ 
lated  scanning  patterns  and  process  parameters.  The  idea  is  not  to  include  all  scan¬ 
ning  patterns  and  contours,  only  the  scanning  principle  used  by  the  analysis  and 
simulation  programs.  As  the  strategic  slice  is  much  thicker  than  the  slices  in  the 
fabrication  process  this  would  not  imply  a  huge  amount  of  data. 

As  the  STEP  standardization  efforts  in  the  area  of  feature  modeling  [7]  improves, 
we  probably  will  utilize  such  an  application  protocol,  i.e.  how  to  utilize  information 
about  features  such  as  holes  etc.  in  the  product  model  in  the  final  fabrication  proc¬ 
ess. 


Figure  4  The  general  SFF  model  consists  of  strategic  discs  accompanied 
by  process  parameters  and  scanning  principles. 

1  Application  Protocol  for  Mechanical  Design  using  Boundary  Representation 
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A  specific  SFF  system  can  now  read  this  STEP  based  general  SFF  model  and  con¬ 
vert  it  to  the  systems  internal  format,  a  specific  SFF  model.  Fig.  5.  To  able  to  con¬ 
vert  the  general  model,  the  SFF  system  must  be  equipped  with  various  software 
tools  such  as  a  STEP  interpreter,  a  boundary  geometric  modeler,  software  for  con¬ 
tour  generation  etc. 

Our  research  intent  is  to  investigate  more  precisely  which  software  tools  actually 
are  needed  and  how  they  should  operate  together.  The  next  step  is  to  specify  a  re¬ 
search  implementation. 


Models  in  SFF 
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Figure  5  From  the  product  model  to  a  specific  SFF  model 


Summary 

We  have  presented  an  research  approach  in  which  the  process  parameters  and  scan¬ 
ning  patterns  are  derived  from  the  product  model  and  from  the  use  of  a  process 
model.  We  have  discussed  some  drawbacks  with  the  STL  format  and  some  SLS 
process  weaknesses.  We  conclude  that  software  control  of  laser  beam  scanning 
paths  and  process  parameters  is  vital  for  the  optimal  generation  of  accurate  and  di¬ 
mensionally  stable  parts.  We  also  propose  the  use  of  a  STEP  based  format  and  out¬ 
lines  one  idea  how  to  create  a  general  SFF  model  carrying  part  geometry,  process 
parameters  and  scanning  principles  to  be  used  by  different  SFF  systems. 
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TEMPERATURE-CONTROLLED  SELECTIVE  LASER  SINTERING 


J.  A.  Benda 

United  Technologies  Research  Center 
East  Hartford,  CT  06108 

ABSTRACT 

A  control  scheme  for  laser  sintering  has  been  developed  which  maintains  sintering  powder  at 
constant  temperature  by  actively  controlling  laser  power.  It  uses  a  sensor  to  monitor  the 
temperature  of  powder  at  the  focus  of  a  moving  laser  beam.  The  control  scheme  corrects  for 
variations  of  thermal  conductivity  and  powder  reflectivity  due  to  the  proximity  of  previously 
sintered  material,  as  well  as  for  statistical  fluctuations.  The  sensor  also  serves  as  a  useful 
diagnostic,  and  is  used  to  confirm  model  predictions  of  the  variation  of  powder  temperature  with 
process  parameters.  A  second  temperature-controlled  laser  beam,  concentric  with  the  first,  but  of 
larger  spot  size,  can  be  used  to  locally  heat  the  powder  around  the  sintering  powder.  This  is 
shown  to  reduce  curling  as  well  as  the  balling  or  agglomeration  of  molten  material. 

INTRODUCTION 

With  the  advent  of  stereolithography  in  1988,  a  number  of  rapid  prototyping  technologies 
have  been  developed.  The  selective  laser  sintering  process  is  potentially  one  of  the  most  versatile 
[1].  An  infrared  laser  selectively  sinters  layers  of  powder,  producing  a  prototype  part  one  layer  at 
a  time.  Initially  developed  for  wax  and  plastic  materials,  current  research  is  directed  towards 
extending  the  technology  to  sintering  metal  and  ceramic  materials  directly  [2]. 

Two  problems  have  been  inherent  to  the  SLS  process  which  limits  its  usefulness.  One 
problem  is  that  the  thermal  conductivity  and  reflectivity  of  powder  changes  as  it  is  sintered,  so  that 
the  amount  of  laser  power  required  to  uniformly  sinter  powder  changes  depending  on  the  amount 
and  proximity  of  previously  sintered  material.  Furthermore,  heat  builds  up  in  the  powder  bed  as 
material  is  sintered  so  that  the  temperature  change  and  thus  the  laser  power  required  to  sinter  is 
less.  Part  growth  near  edges  and  poor  adhesion  between  layers  are  possible  detrimental  effects. 
One  approach  to  solving  the  problem  is  to  keep  track  of  the  history  of  the  part  as  it  is  sintered  and 
passively  change  the  laser  power  as  the  part  buildup  progresses,  assuming  one  knows  how  to  do 
this.  For  a  complex  part,  this  can  be  quite  complicated. 

A  second  problem  is  that  thermal  gradients  created  during  the  sintering  process  cause  parts  to 
curl.  Previous  attempts  to  control  the  curling  problem  have  concentrated  on  heating  the  entire  bed 
of  powder  up  to  some  temperature  less  than  that  at  which  it  starts  to  sinter  during  the  time  needed 
to  build  a  part.  The  approach  has  been  used  with  success  for  polymeric  powders.  For  metal  and 
ceramic  parts,  the  approach  is  much  more  challenging  because  of  the  temperatures  involved. 
Obtaining  a  uniform  temperature  distribution  for  the  bed  has  proven  difficult.  Also,  such  powders 
will  begin  to  sinter  on  their  own  at  roughly  half  the  melting  temperature.  Thus,  it  is  not  clear  there 
is  an  operating  window  in  which  curling  is  controlled,  but  yet  the  powder  bed  does  not  cake  up. 

To  solve  the  laser  control  problem,  we  have  developed  an  active  control  scheme  to  keep  the 
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temperature  of  the  powder  being  sintered  at  the  beam  focus  constant.  A  two  beam  approach  to 
controlling  curling  was  also  explored,  in  which  a  large  beam  is  used  to  locally  heat  the  powder 
around  a  tightly  focused  beam  which  does  the  actual  sintering.  Because  the  heating  time  is  short 
compared  with  the  build  time,  it  should  be  possible  to  achieve  more  local  heating  without  the 
powder  bed  caking  than  is  possible  with  the  approach  described  above. 

ACTIVE  CONTROL  SCHEME 


The  key  element  for  the  control  scheme  is  a  temperature  sensor  which  can  monitor  the 
temperature  of  powder  at  the  focus  of  a  moving  laser  beam.  The  sensor  is  schematically  illustrated 
in  Figure  1.  A  dichroic  beamsplitter  or  a  scraper  mirror  is  inserted  into  the  beam  path  before  the 
scanning  mirrors.  This  optic  element  allows  the  infrared  laser  beam  to  pass  through  unattenuated, 
but  reflect  thermal  emission  from  the  powder  in  the  wavelength  range  of  a  detector.  In  our 
experiment,  a  C02  laser  is  used  lasing  at  10.6  pm,  and  a  germanium  detector  is  used  which  is 
sensitive  to  wavelengths  from  1.0  to  1.8  pm.  A  lens  is  used  to  image  the  powder  bed  onto  the 
detector.  If  desired  an  aperture  can  be  put  in  front  of  the  detector  to  insure  that  only  thermal 
emission  at  the  laser  beam  focal  spot  is  monitored.  Another  aperture  should  be  in  the  system  to 
insure  that  the  solid  angle  of  the  thermal  radiation  reaching  the  detector  does  not  change  as  the 
scanning  mirrors  are  rotated.  By  putting  the  sensor  before  the  scanning  mirrors,  the  detector  will 
automatically  follow  the  moving  beam. 


Figure  1.  Schematic  of  thermal  sensor. 

We  have  performed  tests  with  a  variety  of  materials  and  have  concluded  that  primarily  thermal 
emission  is  seen  by  our  detector.  There  is  no  evidence  of  plasma  or  a  plume  being  produced  at  the 
power  levels  necessary  to  sinter  powder.  The  amount  of  radiation  we  are  seeing  as  well  as  the 
wavelength  dependence  are  consistent  with  thermal  emission.  The  wavelength  dependence  of  the 
emission  from  two  ceramic  powders  was  measured  with  a  scanning  monochromator  and  a 
photomultiplier.  The  wavelength  dependence  of  the  photomultiplier  sensitivity,  as  well  as  the 
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grating  efficiency  of  the  monochromator,  can  be  normalized  out  by  dividing  the  signal  produced  by 
sintering  ceramic  materials  with  that  produced  by  a  quartz-tungsten-halogen  (QTH)  lamp.  A  QTH 
lamp  approximates  a  black  body  source  at  3200  °K.  The  resulting  curves  were  fit  assuming 
thermal  emission  to  derive  the  temperatures  of  the  ceramic  materials,  as  shown  in  Figure  2.  The 
temperatures  are  within  a  couple  of  hundred  degrees  of  the  melting  or  sublimation  temperatures  of 
these  materials  as  was  expected,  since  some  melting  or  vaporization  of  material  was  observed. 
Although  only  a  few  points  are  plotted,  the  emission  was  measured  continuously  and  no  structure 
indicative  of  anything  other  than  thermal  emission  was  observed. 


.  SiC 

T=  2210°C 

o  Zr02 

T=  2447 °C 

Figure  2.  Color  Temperature  determined  by  normalizing  emission  to  QTH  Lamp. 


As  a  second  test,  our  detector  was  calibrated  and  the  total  irradiance  on  it  agreed  with  a 
calculation  of  thermal  emission  using  the  numerical  aperture  of  our  collection  optics  and  assuming 
a  reasonable  value  of  emissitivity.  This  test  was  done  with  iron  powder  and  just  enough  laser 
power  to  start  melting  the  iron  -  implying  a  temperature  of  about  1500  °C. 


V 

bias 


Figure  3.  Block  Diagram  of  Control  Scheme 

The  signal  from  the  germanium  detector  was  used  to  control  laser  power.  Initially  this  was 
done  with  an  acousto-optic  modulator  external  to  the  laser.  The  modulator  uses  acoustic  waves  at 
rf  frequencies  to  produce  a  phase  grating  in  a  germanium  crystal.  This  grating  deflects  a  portion  of 
the  laser  beam.  Modulating  the  rf  power  modulates  the  beam  transmitted  directly  through  the 
crystal.  The  laser  beam  passes  first  through  the  modulator,  then  through  a  10X  telescope  which 
expands  the  beam,  a  concave  mirror  to  focus  the  beam,  and  finally  two  scanning  mirrors  which 
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direct  the  focused  beam  to  the  powder.  The  focused  spot  size  was  about  0.3  mm.  An  analog 
driver  for  the  AO  modulator  was  used  which  allowed  the  laser  power  to  be  varied  continuously 
between  10  and  100  per  cent  of  full  power.  The  modulator  was  initially  biased  to  give  about  50% 
power.  A  block  diagram  of  our  control  loop  is  shown  in  Figure  3.  The  control  circuit  used 
generated  an  error  signal  between  the  actual  detector  signal  and  the  desired  signal,  multiplied  it  by  a 
variable  gain,  and  used  the  resulting  signal  to  drive  the  AO  modulator. 

A  mixture  of  tungsten  and  copper  powder  was  used  to  evaluate  the  performance  of  our 
system.  Three  adjacent,  slightly  overlapping  scans  were  made  across  the  initially  unsintered 
powder  bed.  Figures  4  gives  oscilloscope  traces  comparing  the  open  loop  and  closed  loop 
performance.  The  top  trace  in  both  plots  shows  the  laser  power,  which  goes  to  zero  between  the 
three  successive  scans,  while  the  bottom  trace  shows  the  germanium  detector  signal.  For  open  loop 
operation,  the  laser  power  remains  constant,  but  the  detector  signal  is  much  higher  on  the  first  scan 
and  is  noisy.  For  closed  loop  operation,  the  detector  signal  is  now  constant  and  the  laser  power 
varies,  increasing  after  the  first  scan  by  roughly  20%. 


Open  Loop  Closed  Loop 


Figure  4.  Comparison  of  open  loop  and  closed  loop  performance  of  control 
scheme  with  W/Cu  mixture.  The  upper  oscilloscope  traces  are  laser  power.  The 
lower  traces  are  Ge  detector  signal.  The  results  from  three  adjacent  scans  of  the 
powder  are  shown. 

Examination  of  the  irradiated  powder  shows  that  the  first  open  loop  scan  digs  a  trench  in  the 
powder  with  molten  copper  sinking  well  into  the  tungsten  powder  (the  power  coupled  in  was  too 
great),  while  successive  scans  do  not  adequately  couple  into  the  powder.  Under  closed  loop 
control,  the  irradiated  powder  is  uniformly  sintered.  Examination  of  the  microstructure  also 
reveals  that  molten  copper  is  more  uniformly  distributed  even  within  one  scan  line.  This  may 
prove  to  be  as  big  a  benefit  for  closed  loop  control  as  compensating  for  the  previous  history  of  the 
sintered  part.  A  significant  decrease  in  sensor  signal  is  always  noted  from  the  first  to  the  second 
scan  with  no  feedback  control,  with  the  effect  more  pronounced  for  the  tungsten/copper  mixture 
than  for  most  materials  tried. 

Recently,  we  have  acquired  a  200  W  rf-excited  laser  (SYNRAD  model  57-2)  and  confirmed 
that  it  is  possible  to  modulate  the  laser  power  directly  through  pulse  width  modulation  of  the  rf 
power  supply  with  performance  comparable  to  that  with  the  AO  modulator  without  its  power 
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limitations.  Modulation  up  to  5  KHz  appears  possible.  Figure  5  shows  results  on  mullite  powder 
(aluminum  silicate).  The  ability  to  correct  for  temperature  variations  is  dramatic. 
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Figure  5.  Comparison  of  open  loop  and  closed  loop  performance  with  mullite 
powder  using  pulse  width  modulation.  The  upper  oscilloscope  trace  is  the  voltage 
used  to  modulate  laser  power.  The  lower  trace  is  the  Ge  detector  signal.  Closed  loop 
control  is  turned  on  part  way  through  a  single  scan  on  unsintered  powder. 

The  detector  signal  is  a  particularly  strong  discriminant,  varying  rapidly  with  both  laser  power 
and  scan  speed.  Measurements  of  the  detector  signal  as  a  function  of  the  scan  velocity  at  several 
laser  powers  are  shown  in  Figure  6  (using  Argon  as  a  cover  gas)  for  sponge  iron  powder  from 
Pyron  Corp.  At  a  detector  signal  of  15  mv,  some  of  the  iron  powder  is  just  beginning  to  melt.  So 
it  is  reasonable  to  assume  that  the  powder  was  near  the  melting  temperature  of  1500°C.  Using 
that,  it  is  possible  to  calculate  the  temperature  rise  per  watt  of  laser  power  for  each  scan  speed. 
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Figure  6.  Detector  signal  versus  scan  speed  for  several  laser  powers. 

It  is  possible  to  predict  the  peak  temperature  rise  per  watt  for  a  moving  Gaussian  laser  beam 
fairly  simply  ,  if  one  assumes  a  constant  thermal  conductivity.  The  temperature  rise  at  a  given 
position  is  given  by  (derived  in  a  manner  similar  to  results  in  [3]), 


Here  AT  is  the  temperature  rise,  P  is  the  laser  power,  £s  is  the  emissitivity  of  the  powder  surface, 
a2  is  the  thermal  diffusitivity  (k/pCp),  p  is  density,  Cp  is  heat  capacity,  w  is  the  Gaussian  spot 
size,  (3  is  the  penetration  depth  of  the  radiation  into  the  powder  assumed  to  be  exponentially 
decaying,  v  is  the  scan  velocity  taken  to  be  in  the  x  direction,  y  is  the  transverse  coordinate  on  the 
powder  surface,  z  is  the  depth  into  the  powder,  sgn()  is  unity  with  the  sign  of  the  argument,  and 


1  x  >  0 
0  x  <  0 


All  coordinates  are  with  respect  to  the  beam  center  on  the  surface. 
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Figure  7.  Temperature  rise  per  watt  of  laser  power.  Experiment  and  theory. 

The  calculated  peak  temperature  rise  per  watt  of  laser  power  is  plotted  versus  scan  velocity  in 
Figure  7  for  a  range  of  thermal  conductivities.  Also  plotted  are  experimental  curves  for  iron 
powder  with  two  different  cover  gases,  helium  and  argon,  and  under  vacuum.  The  cover  gas 
modifies  the  thermal  conductivity  of  the  powder  with  roughly  an  order  of  magnitude  change 
predicted  in  going  from  vacuum  to  helium,  argon  being  intermediate  [4].  At  low  scan  speeds, 
thermal  equilibrium  is  established  and  the  temperature  rise  is  independent  of  speed  and  varies 
inversely  with  thermal  conductivity.  At  high  speeds,  the  power  stays  where  it  is  deposited  during 
the  dwell  time  of  the  beam  at  a  given  position.  Thus  the  temperature  rise  varies  inversely  with  scan 
speed  and  is  independent  of  thermal  conductivity.  This  behavior  is  nicely  mirrored  in  the 
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experimental  data,  giving  some  confirmation  of  the  assumption  that  the  radiated  power  is  mainly 
thermal  emission,  as  well  as  some  confirmation  of  the  theory. 

TWO  BEAM  SINTERING 

We  first  implemented  two  beam  sintering  by  using  the  deflected  beam  from  the  AO  modulator 
used  for  feedback  control,  as  shown  in  Figure  8.  The  deflected  beam  was  diverted  around  the  10X 
telescope  and  sent  directly  to  the  focusing  optic.  (In  the  single  beam  experiments  above  this  beam 
was  blocked.)  Because  that  beam  was  ten  times  smaller,  its  focused  spot  size  is  about  ten  times 
larger.  (The  focused  spot  size  varies  as  2AT/D,  where  f  is  the  focal  length,  X  is  wavelength  and  D 
is  the  initial  beam  diameter.)  The  two  beams  were  nominally  concentric  at  focus,  although  there 
may  be  reasons  for  having  one  beam  lead  the  other.  The  modulator  was  biased  so  that  roughly 
80%  of  the  power  was  in  the  deflected  beam.  One  drawback  of  the  approach  is  that  if  the  AO 
modulator  is  used  for  control  of  the  focused  beam,  any  power  which  is  removed  from  the  focused 
beam  is  dumped  in  the  defocused  beam.  But  normally  the  defocused  beam  is  much  larger  in 
power,  so  the  percentage  change  is  small. 


Focusing  Optic 


AO 

Modulator 


Figure  8.  Schematic  of  two  beam  sintering  experiment. 


Single  Beam 


Dual  Beam 


Figure  9.  Comparison  of  curling  for  two  sintered  layers  of  iron/bronze  powder 
using  a  single  laser  beam  and  a  dual  beam.  Sintered  material  is  shown  in  cross- 
section  perpendicular  to  scanning  direction.  Dashed  line  is  for  visual  reference. 

Figure  9  shows  the  cross  section  of  two  layers  of  an  iron/bronze  powder  mix,  sintered  with 
and  without  the  larger  beam.  The  samples  were  potted  in  epoxy  and  ground  down  to  expose  the 
cross  section.  The  powers  were  adjusted  to  give  the  same  signal  in  our  germanium  detector,  so  the 
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actual  sintering  temperatures  used  should  be  close.  It  is  clear  that  much  less  curling  results  with 
two  beam  sintering.  Without  optimization,  curling  is  not  always  eliminated,  but  is  always 
observed  to  be  reduced. 


Single  Beam  Dual  Beam 


Figure  10.  Images  of  selective  laser  sintering  of  alumina  powder. 

As  is  expected,  the  sintered  material  cools  more  slowly  with  the  second  beam.  This  might  be 
part  of  its  advantage.  Figure  10  shows  high  speed  video  images  of  alumina  powder  being  sintered 
with  and  without  the  second  beam.  The  longer  tail,  as  well  as  the  hot  powder  to  the  side  of  the 
sintered  material  is  clearly  evident. 


CONCLUSION 

Our  C02  laser,  a  SYNRAD  Duo-Lase™  Model  57-2,  has  two  independent  lasers  in  a  single 
housing  with  separate  controllers  and  power  supplies.  A  polarization  beamsplitter  combines  the 
two  beams,  which  are  of  orthogonal  polarization.  Each  laser  can  be  used  to  provide  one  of  the  two 
beams  for  dual  beam  sintering.  We  have  successfully  demonstrated  two  beam  sintering  with  active 
control  of  both  beams.  A  polarization  beamsplitter  is  used  to  separate  the  two  beams.  A  separate 
feedback  control  circuit  is  used  for  each  laser.  The  aperture  in  front  of  the  detector  of  figure  1  is 
now  a  mirror  which  is  used  to  reimage  the  thermal  emission  from  the  powder  irradiated  mainly  by 
the  large  beam.  The  second  detector  is  part  of  the  control  loop  for  the  large  laser  beam. 

Preliminary  results  indicate  that  controlling  the  large  laser  beam  may  be  more  important  than 
control  of  the  focused  laser  beam.  More  uniform  sintering  has  been  demonstrated.  Complete 
elimination  of  the  curling  problem  using  dual  beam  sintering  alone  appears  unlikely,  at  this  point, 
but  hopefully  the  problem  can  be  significantly  reduced. 
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ABSTRACT 

The  ultimate  goal  in  concurrent  engineering  of  structures  is  to  achieve  simultaneously  in  the 
design  stage  the  following  objectives:  (1)  A  shape  that  performs  its  function,  conforms  with  the 
boundary  conditions,  and  can  support  the  external  loads.  (2)  A  product  with  structural  integrity, 
i.e.  with  stress  levels  remaining  below  acceptable  limits.  (3)  A  product  with  acceptable 
performance,  e.g.  modal  dynamics,  i.e.  with  natural  frequencies  and  mode  shapes  that  do  not 
amplify  external  dynamic  loads;  and  static,  i.e.  acceptable  deflection.  (4)  A  composite 
microstructure  that  can  optimally  satisfy  the  above  topology/  shape,  load,  and  performance 
constraints.  (5)  A  microstructur t  fabrication  process  that  efficiently  produces  the  above  optimal 
structure.  The  purpose  of  our  ONR  funded  project  is  to  address  the  complete  problem  in 
concurrent  structural  design  by  further  developing  the  LargE  Admissible  Perturbations  (LEAP) 
theory  which  is  being  developed  at  the  University  of  Michigan  since  1983,  and  combining  it  with 
micromechanics  constitutive  equations.  At  the  fabrication  end,  the  Selective  Laser  Sintering  (SLS) 
process  will  be  simulated  so  that  the  SLS  variables  are  defined  as  the  final  product  of  the 
concurrent  structural  design  optimization  process.  LEAP  theory  —  as  implemented  in  Code 
RESTRUCT  (REdesign  of  STRUCTures)  -  produces  the  final  design  without  trial  and  error  or 
repeated  Finite  Element  Analyses  (FEAs),  thus,  shortening  the  redesign  process  and  contributing 
to  rapid  prototyping. 

1.  CONCURRENT  STRUCTURAL  DESIGN  FOR  MANUFACTURING 

Solid  Freeform  Fabrication  (SFF)  techniques  enable  designers  new  flexibilities  for  designing 
structural  components  [6].  Microengineered  materials  can  provide  seemingly  endless  possibilities 
from  which  a  designer  might  make  a  selection.  In  order  to  realize  fully  the  potential  of  SFF 
processes  and  speed  up  the  rapid  prototyping  cycle,  the  structural  design  should  not  be  decoupled 
from  the  material  design  and  the  fabrication  process.  The  goal  of  our  research  project  is  to  develop 
structural  design  methodology  which  links  the  macrostructural  design  with  the  microengineering  of 
materials  and  with  the  material  fabrication  process.  Equivalently,  the  engineering  problem 
addressed  in  our  research  is  posed  as  follows:  Given  a  particular  function,  what  shape  should  the 
components  have,  what  should  it  be  made  of,  and  how  should  it  be  made?  The  above  concurrent 
design  problem  for  freeform  solids  is  shown  schematically  in  Figure  1  which  indicates  the  linkage 
of  macrostructural  properties  and  performance  with  microscale  material  characteristics  and  the 
fabrication  process.  A  global  optimization  of  material  and  geometry  (topology,  shape,  and  size) 
must  address  the  issues  of  production  efficiency  and  quality  of  the  product. 

As  shown  in  Figure  1,  the  design  process  requires  establishing  the  spatial  distribution  of  the 
material.  Thus,  the  material  stiffness  which  is  represented  by  the  elastic  modulus  E,  would  be  a 

function  of  position  E(x).  Similarly,  the  density  and  strength  of  the  material  must  be  established; 
p(x)  and  o(x)  respectively.  These  parameters  are  related  to  the  microstructure  of  the  layered 
material  and  are  described  by  -  for  example  -  porosity  P(x),  crack  distribution  D(x),  and  the 
Lame  elastic  constants  of  material  X(x)  and  |i(x). 
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In  this  project,  the  fabrication  process  we  focus  on  is  Selective  Laser  Sintering  [7,  12]. 
There  has  been  some  work  in  establishing  the  effects  of  process  variables  such  as  binder  and 
primary  phase  volume  content  on  the  composite  strength.  Particle  size  has  also  been  studied  with 
regard  to  its  influence  on  strength.  These  functional  relationships  are  essentially  first  order 
approximations  which  will  be  developed  further  during  the  course  of  the  project.  Further  analyses 
will  be  performed  to  establish  the  interrelationship  of  such  parameters  on  the  macrostructure's 
stiffness,  density  and  strength,  etc. 

These  relations  will  be  employed  within  the  framework  of  LargE  Admissible  Perturbations 
theory  to  find  optimal  structural  designs.  Because  the  functional  relations  between  the  fabrication 
process,  the  microstructure,  and  the  macroscale  structural  parameters  are  incorporated  in  the  design 
methodology,  an  overall  optimum  design  would  be  established.  Accordingly,  the  five  objectives 
of  concurrent  engineering  of  structures  are  listed  in  the  Abstract  and  are  abbreviated  below  for 
future  reference: 

(1)  Function  =  function,  boundary  conditions,  load  support 

(2)  Integrity  =  structural  integrity,  strength  limits 

(3)  Performance  =  static  and  modal  dynamics  performance 

(4)  Microstructure  =  material  properties 

(5)  Fabrication  =  fabrication  process 

Several  aspects  of  the  concurrent  structural  design  problem  have  been  addressed  in  design 
optimization  methods  [9,  14]  and  inverse  design  methodologies  that  allow  for  small  [13]  or  large 
[1-5,  8,  10,  11]  structural  changes. 

2.  LARGE  ADMISSIBLE  PERTURBATIONS  APPROACH  TO  REDESIGN 

Several  problems  in  structural  analysis  and  design  (see  Figure  2)  -  including  the  problem  of 
redesign  or  inverse  design  -  can  be  cast  as  two-state  problems.  State  SI  is  the  initial  state  which  is 
known  and  for  which  all  required  finite  element  analyses  (modal  dynamics,  static  buckling,  etc.) 
have  been  performed.  It  is  assumed  that  State  SI  has  undesirable  characteristics  or  performance 
and  should  be  improved  to  satisfy  the  designer's  specifications.  State  S2  is  the  objective  unknown 
state  modeled  by  the  same  finite  element  grid  but  defined  by  different  design  variables. 

The  methodology  we  have  been  developing  since  1983  for  solving  two-state  problems  is 
based  on  the  LargE  Admissible  Perturbations  theory.  This  methodology  provides  several 
advantages  over  trial  and  error,  sensitivity  methods,  iterative  techniques,  and  methods  requiring 
repeated  finite  element  runs.  The  basic  features  of  our  methodology  are  listed  below. 

(i)  Primarily  Two-State  Theory  is  not  an  optimization  methodology.  It  just  uses  NPSOL  to 
find  a  solution  to  several  optimization  problems  appearing  in  the  process.  Two-State  Theory 
is  a  universal  formulation  and  solution  methodology  for  a  plethora  of  analysis,  design, 
redesign,  model  correlation  (calibration),  model  reduction,  reliability  analysis,  and 
monitoring  problems  related  to  the  entire  life  of  a  structure  from  conception  to  dismantling. 
The  Large  Admissible  Perturbations  approach  to  redesign  has  two  parts.  The  first  part  PAR 
(Perturbation  Approach  to  Redesign)  is  the  formulation  of  a  two-state  problem.  The  second 
uses  a  large  admissible  perturbations  algorithm  to  solve  the  problem. 

(ii)  The  Perturbation  Approach  to  Redesign  (PAR)  develops  the  general  perturbation  equations 
by  relating  the  two  states  S 1  (known)  and  S2  (unknown).  These  are  highly  nonlinear 
equations  -  with  implicit  and  explicit  dependence  on  redesign  variables.  Nevertheless,  they 
are  equations  somebody  can  work  with  as  opposed  to  dealing  only  with  numerical 
computations.  The  generality  of  the  applicability  of  this  methodology  is  most  obvious  in  the 
solution  it  has  provided  to  structural  reliability  problems  where  other  theories  (Stochastic 
Finite  Elements,  Structural  Systems  Reliability,  and  Response  Surface  Approach)  cannot 
further  progress  due  to  lack  of  equations  describing  the  failure  state. 
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Some  of  the  general  perturbation  equations  developed  in  references  [1-5,  10,  11]  are 
provided  below  where  unprimed  and  primed  symbols  correspond  to  states  SI,  S2,  respectively. 
For  modal  dynamics,  where  co  is  neutral  frequency,  {xjr}  is  normal  mode;  k,  m  are  stiffness  and 
mass  matrices;  and  ae 's  are  fractional  change  variables,  we  have: 

v'lx1  [ke]Mi  -  ®i2M-r  K]Mi 
lMjTW{¥'}iae  =-{v'}JT[k]{v'}i  . 

e=l 

SM*  [me]{¥'}i«e  =  "Mj  MMj  , 
e=l 

for  i  =  1,2,. ..,n,  j  =  i+1,  i+2,...,n  [1,  2]  .  For  static  deflections  u  , 

us=it — — } , 

m=l  R  +  V  r*  a 
e=l 

where  Am=2>jmfj  ,  Bm  =  MmWMm  > 

j=l 

^-me  =  MJkeJMn,  ,  and  (Pjm  represents  modal  amplitudes. 

For  static  stresses  o  , 

* -is*  it-  <l’;mpAm — }  (i+a'')  • 

i=l  »=1  Bnl+£cm«[ 

e=l 

For  buckling  loads  P  ,  and  modes  M 

X(¥b}j  ([kce]_Pi[kCT0e]){¥b}iae  =  {¥b}j  (Pifka0]  ~  [kc]){¥b}j 
e=l 

X{¥b}J[kcJ{¥b}iae  =  -{YbjJlkcKYbJi  . 

e=l 

Z{¥b}[[ka0e]{¥b}iae  =  -{¥b}J[ka0]{¥b}i  - 

e=l 


ae  =  o)f{¥'}^M{¥'}i-{¥'}^[k]{¥'}i  , 
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for  i  =  1,2, ...,n  ,  j=i  +  l,i  +  2,...,n  ,  where  [kc]  =  [kQ]  -  [kCTp]  ,  kCTp  includes  the  body  force, 
and  [ka]  =  -  Pi[kCT0]  -  [kcF]  . 

(iii)  The  LEAP  (LargE  Admissible  Perturbations)  algorithms  can  solve  the  general  perturbation 
equations  for  large  changes  (about  100%)  of  both  the  design  variables  and  structure's 
specified  response.  LEAP  algorithms  are  not  limited  by  the  7%  increments  in  sensitivity 
methods. 

(iv)  LEAP  algorithms  do  not  require  repeated  FEAs.  In  fact,  for  changes  of  the  order  of  100% 
no  FEA  other  than  that  of  the  original  known  structural  state  SI  is  needed. 

(v)  Code  RESTRUCT  performs  routinely  shape  optimization  as  part  of  all  the  problems  it  can 
solve  -  see  (i)  above.  The  advantage  here  is  that  it  keeps  track  of  changes  in  elemental 
matrices  so  that  the  structure  produced  at  the  end  is  real.  Some  model  correlation  methods 
change  the  mass  and  stiffness  global  matrices  and  do  not  result  in  a  real  structure. 

(vi)  Code  RESTRUCT  has  been  developed  for  several  complex  structures;  e.g.  stiffened  plates 
where  the  neutral  axis  and  connectivity  of  stiffness  to  plate  are  affected  during  the  redesign 
process. 

(vii)  Topology  optimization  has  been  achieved  by  RESTRUCT  —  as  presented  in  this  paper  -  in 
a  very  short  period  of  time  for  3-D  bodies  by  introducing  a  brick  finite  element.  The  method 
is  equivalent  to  those  developed  in  [9,  14].  Further,  it  has  all  the  advantages  of  large 
changes,  no  iterations,  and  no  repeated  finite  element  analyses. 

(viii)  It  postprocesses  data  of  a  widely  available  finite  element  code  MSC/NASTRAN.  That  is, 
structural  state  SI  is  analyzed  by  FEM  and  RESTRUCT  postprocesses  these  results  to 
produce  state  S2  from  its  specifications. 

The  first  step  in  achieving  concurrent  design  including  the  five  objectives  listed  in  Section  1, 
is  to  develop  Two-State  Theory  to  formulate  and  solve  (by  a  LEAP  algorithm)  the  topology/shape 
optimization  problem  for  concurrent  structural  integrity,  modal  dynamics,  static  deflection,  and 
stress  constraints  (objectives  for  state  S2).  This  encompasses  objectives  (l)-(3)  (function, 
integrity,  performance)  of  concurrent  design  and  can  be  achieved  by:  (a)  Introducing  solid  finite 
elements  in  code  RESTRUCT;  producing  stiffness  and  mass,  three-dimensional  distributions  to 
achieve  the  optimal  topology  and  material  properties;  (b)  Developing  a  LEAP  algorithm  to  find  the 
objective  state  S2  subject  to  modal  dynamic  constraints;  (c)  Developing  the  LEAP  algorithm 
further  to  add  static  deflection  constraints;  (d)  Finalizing  the  LEAP  algorithm  to  include  stress 
constraints.  Actually,  since  1983  LEAP  algorithms  have  been  developed  to  solve  two-state 
problems  for  various  finite  elements  and  single  or  multiple  modal  dynamics,  static  deflection  and 
stress  redesign  objectives.  This  paper  and  the  following  numerical  applications  provide  the  first 
step  towards  solution  of  the  concurrent  design  problem  defined  above  for  solids. 

3.  NUMERICAL  APPLICATIONS 

Development  of  LEAP  algorithms  for  a  new  redesign  problem  usually  takes  one  year.  An 
algorithm  is  considered  fully  developed  when  it  can  be  used  to  redesign  a  structure  for  100% 
changes  in  redesign  objectives  and  large  changes  in  the  redesign  variables,  handle  about  100 
redesign  variables,  several  simultaneous  modal  dynamics,  static  deflection  and  stress  objectives, 
and  about  1000  finite  element  degrees  of  freedom.  Further  development  requires  only  more 
computational  time.  Such  fully  developed  algorithms  can  produce  redesign  with  about  3%  error 
without  trial  and  error  or  repeated  FEAs. 

The  results  presented  in  this  section  represent  the  first  attempt  to  develop  a  LEAP  algorithm 
for  three-dimensional  topology  redesign  for  static  and  modal  dynamics  objectives.  Thus,  the  error 
is  still  above  the  desired  accuracy  level  of  3%.  Improvement  of  the  algorithm  will  be  based  on 
advanced  formulation  in  the  prediction  phase  based  on  nonlinear  approximations  of  the  general 


288 


perturbation  equations,  as  well  as  identification  of  appropriate  extracted  modes,  admissibility 
conditions,  and  selection  of  redesign  variables. 

Several  numerical  applications  are  presented  in  Tables  1,  2  and  3  on  the  redesign  of  the 
cantilever  beam  in  Figure  4  and  the  cantilever  plate  in  Figure  5.  In  this  early  stage  of  development 
of  the  LEAP  algorithm  for  solid  elements,  single  frequency  redesign  is  very  accurate  (cases  bl. 
and  d5.).  Redesign  for  static  displacement,  or  simultaneous  static  displacement  and  modal 
dynamics  objectives  requires  further  algorithmic  development. 

Figure  6  shows  a  simple  two-dimensional  topology  redesign  problem  which  has  been  used  in 
the  literature  ([9]  and  [14])  as  a  bench  mark  problem.  The  results  produced  by  Code  RESTRUCT 
which  implements  the  LEAP  algorithm  for  topology  optimization  of  solid  elements  are  consistent 
with  those  published  in  the  literature.  The  starting  structure  (state  SI)  of  a  solid  plate  is  redesigned 
to  become  a  multiply  connected  stucture  at  state  S2. 

CONCLUDING  REMARKS 

Presently,  the  large  admissible  perturbations  methodology  is  capable  of  solving  relatively 
simple  three-dimensional  redesign  problems  for  static  deflection  and  modal  dynamics  objectives. 
After  fully  developing  the  topology  redesign  algorithm  for  3-D  problems,  the  large  admissible 
perturbations  methodology  will  be  developed  further  to  address  concurrent  design  problems  for 
manufacturing  including  micromechanics  constitutive  equations  and  modeling  of  the  SLS 
fabrication  process. 
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Design  objectives 
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M  ’ 
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Structures 
Truss  offshore  tower 
Bar  offshore  tower 
PC  disc  drive  ,  Plate 
Ship,  Shell  Marine  riser, 
Stiffened  plate 
.  3-D  Solid 


Figure  2.  Status  of  large  admissible  perturbations  theory  for  solution 
of  two-state  problems  in  structural  analysis  and  design. 

*  Items  below  dashed  lines  are  being  developed. 


RESIRUCT  DB  for  Stress  Redesign 
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FE  model  FEA  results 

JkL  [«n],  (f)  (u),  [tot],  W>  (o) 

State  S2 

Redesign  objectives 
[tot],m,[u'],(a^ 

PAR:  Stress,  modal  dynamics,  static  , 
&  admissibility  equations ,  for  State  S2 


Solution  by  LEAP  algorithm:  Increment  1=1,. ..N 


Prediction  phase:  Small  change  inadmissible  perturbations 


Nonlinear  optimization  solver 


Correction  phase:  Admissible  corrections 


Redesign  variables:  lrre,  e=l,...p 


State  S2  and  performance 
ae,  e=l,...p  |j  [to?],  [<>’],  [u'MoM 

Figure  3.  Stress  redesign  by  a  large  admissible  perturbations  algorithm 


Properties  :  E  =  2.07.10s  MPa 

p  =  7.833.10  *  NSecVmm* 
v  =  0.3 

Response  :  ft  =  9.2778  Hz 

w4J  =  w,j  =  S1.68S1  mm 

Model  #a  has  10  Hexa  elements 

Model  #b  has  30  Hexa  elements 

Figure  4.  3-D  model  for  redesign  of  cantilever  beam 


Response  :  fj  =  9702.04  Hz 

vat  =  v1M  =  0.01  mm 

Model  #c  has  40  Hexa  elements 
Model  #d  has  160  Hexa  elements 

Figure  5.  Solid  element  model  of  cantilever  plate 


Figure  6.  Cantilever  plate  : 

elimination  of  solid  elements  with 
small  strain  energy  (case  d4) 


Table  1.  Redesign  of  Cantilever  Beam 


Case 

Redesign  Goal 

Reanalysis 

Error  (%) 

# 

u42/u42 

u82/u82 

CD'j2/®!2 

u42/u42 

u82/u82 

CO'^/COj2 

u42/u42 

u82/u82 

to']2/®  j2 

al. 

1 

1.068 

1 

1.048 

-0.802 

1.873 

a2. 

0.600 

bl. 

1 

3.000 

0.000 

b2. 

0.500 

■IBl 

0.497 

2.233 

0.600 

-11.65 

Case  #al  and  a2:  Modeled  by  10  solid  elements;  10  redesign  variables  (p)  for  K 

Case  #bl  and  b2:  Modeled  by  30  solid  elements;  p  =  20  for  M  in  case  bp,  p  =  20  for  K  in  case  \>2 

Case  #b2:  Use  of  non-linear  static  prediction  equation  and  NP  solver 


Table  2.  Redesign  of  Cantilever  Plate  with  40  Hexa  Elements 


Case 

# 

Error  (%) 

H 

nr(2) 

na 

%(3) 

incr. 

u53/u53 

(O'^/tOj2 

u53/u53 

(0'i2/C0j2 

u53/u53 

®'l2/Wj2 

cl. 

0.750 

0.820 

-9.333 

40 

8 

0 

7 

4 

c2. 

0.750 

1.500 

0.830 

1.529 

-10.667 

-1.933 

40 

8 

0 

7 

6 

c3. 

0.750 

— 

0.810 

-8.000 

40 

20 

2 

7 

4 

c4. 

0.750 

1.500 

0.820 

1.520 

-9.333 

-1.333 

40 

20 

4 

7 

6 

c5. 

0.750 

0.797 

-6.267 

24 

20 

2 

4 

9 

c6. 

0.750 

1.500 

0.810 

1.527 

-8.000 

-1.800 

48 

20 

0 

4 

11 

c7. 

0.750 

0.783 

-4.400 

24 

20 

2 

7 

5 

Case  #cl-c6  calculated  using  linear  static  prediction  eqn.  with  QP  solver 
Case  #c7  calculated  using  non-linear  static  prediction  eqn.  with  NP  solver 

(1)  p:  in  all  cases  except  c6,  all  redesign  variables  are  for  K 

(2)  nr  =  number  of  extracted  nodes 

(3)  %  =  incremental  change  to  reach  redesign  goal 


Table  3.  Redesign  of  Cantilever  Plate  with  160  Hexa  Elements 


Case 

# 

H 

Error  (%) 

P 

nr 

% 

incr. 

u289/u289 

CO'j2/COj2 

u289/u289 

<o'l2/a>22 

u  289/u289 

co’j2/^!2 

dl. 

■Bl 

■H 

IB 

80 

Qi 

n 

4 

d2. 

1.500 

1.479 

-1.400 

H 

6 

d3. 

mm 

mm 

-11.126 

80 

20 

H 

4 

d4. 

0.755 

mm 

-10.331 

80 

20 

H 

7 

d5. 

1.500 

1.500 

0.000 

80 

20 

Bl 

7 

Case  #dl.-d2.  calculated  using  linear  static  prediction  eqn.  with  QP  solver 
Case  #d3.-d5.  calculated  using  non-linear  static  prediction  eqn.  with  NP  solver 
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ABSTRACT 


Advances  in  the  development  of  methods  to  perform  topology  optimization  offer  the 
ability  to  design  novel  structures  composed  of  dense  composite  materials.  These 
structures,  which  possess  superior  mechanical  properties,  can  only  be  produced  through 
the  use  of  layered  manufacturing  techniques.  In  this  paper,  we  demonstrate  a  technique  for 
the  design  of  layered  structures  composed  of  composite  materials.  In  addition,  this 
procedure  allows  the  design  of  the  composite  materials  used  for  fabrication  of  such 
components  on  a  microstructural  level. 

INTRODUCTION 

Structural  optimization  has  been  an  active  area  of  research  since  the  early  1970s;  see  for 
example  Botkin  [4];  Fleury  [5];  Bendspe  [3].  The  two  basic  optimization  problems 
typically  addressed  in  structural  optimization  have  been  sizing  and  shape  optimization.  In 
sizing  optimization,  variables  define  local  geometric  characteristics  such  as  height,  width, 
thickness,  and  radius  of  specific  portions  of  the  structure.  A  typical  design  task  is  to  find 
the  minimum  weight  shell  structure  to  withstand  applied  thermo-mechanical  loads.  In  shape 
optimization,  the  optimum  shape  of  a  structure  is  sought  by  varying  the  boundary  shape 
defined  by  an  appropriate  spline  function,  with  the  design  variables  defined  in  a  function 
form. 


In  most  design  problems,  the  topology  of  a  structure  is  not  known  a  priori. 
Topology  is  related  to  the  number  of  holes  in  a  structure.  If  the  topology  is  fixed,  the 
configuration  is  defined  easily  by  spline  functions.  Significant  difficulties  are  encountered 
when  the  topology  of  a  structure  must  be  designed,  since  its  representation  with  spline-type 
functions  is  unwieldy.  As  a  result,  design  problems  involving  both  shape  and  topology 
have  not  been  solved  satisfactorily.  Several  approaches  to  the  topology  optimization 
problem  have  been  proposed:  see,  for  example,  Rozvany  [9],  and  the  proceedings  of  a 
recent  NATO  Advanced  Study  Institute  [3].  The  homogenization  method,  described  by 
Bendspe  and  Kikuchi  [2]  and  used  in  Project  Maxwell,  is  unique  in  that  it  yields  the 
optimal  shape  and  topology  at  a  macro-  and  micro-level  of  description. 

HOMOGENIZATION  DESIGN  METHODOLOGY 

We  can  formulate  a  generalized  topology  optimization  problem  by  introducing 
microstructural  perforations  into  the  structure,  and  then  minimizing  the  mean  compliance 
subject  to  a  constraint  on  the  total  volume  of  material  used.  Formally, 
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Minimize  +  £friHidT(  (1) 

a.b.and  9  *»*  * 

‘  ‘  r, 

subject  to  equilibrium  equations,  and 

|(1  -  ab)dQ  <  Qs  (2) 

n 

Here,  u  is  the  vector  of  virtual  displacements,  f  is  the  applied  body  force,  t  is  the 
applied  traction  on  the  boundary  Tt,  i  is  the  number  of  finite  elements  used  to  discretize  the 
structure,  and  is  the  total  volume  of  solid  material  forming  the  porous  structure.  The 
microstructural  model  used  in  this  method  is  shown  in  Figure  1.  There  are  three  design 
variables  per  element:  void  dimensions  a  and  b,  and  void  orientation  angle  0.  Variables  a 
and  b  are  restricted  to  values  [0,1],  i.e.,  0  to  1  inclusive. 


Figure  1 :  Element  Microstructural  Model 

The  equilibrium  equation  and  its  associated  loading  and  support  conditions,  i.e.,  the 
structural  analysis  problem,  are  solved  using  the  finite  element  method.  The  domain  for 
stress  analysis  is  the  initial  design  domain.  This  domain  is  discretized  into  finite  elements, 
with  the  design  variables  a,  b,  and  0  for  each  element  evaluated  at  the  centroid.  The  number 
of  design  variables  for  the  present  problem  is  quite  large,  e.g.,  five  to  thirty  thousand 
variables,  and  it  is  difficult  to  apply  standard  mathematical  programming  techniques.  The 
optimization  method  used  for  this  problem  is  a  simple  resizing  scheme  based  on  the 
optimality  conditions.  For  details,  refer  to  Bendspe  and  Kikuchi  [2], 

We  have  demonstrated  the  applicability  of  this  technique  for  structural  layout  design  on  an 
extensive  and  growing  body  of  examples.  These  examples  range  from  the  design  of  simple 
plane  stress/plane  strain  structures  to  the  design  of  automotive  body  panels,  suspension 
components,  and  complete  vehicle  structural  layouts.  References  1, 7,  and  8  contain  a 
variety  of  these  demonstration  and  validation  examples. 


294 


MATERIAL  DESIGN  EXAMPLES 


Some  recent  works  by  Bends0e  and  collaborators  [11,12]  describe  the  construction  of 
optimal  structures  using  materials  of  prescribed  constitutitive  behavior.  In  [1 1],  Bendspe 
et.  al.  show  that  the  lower  bound  on  compliance  optimization  for  a  single  load  case  is 
obtained  using  an  orthotropic  material  with  the  material  directions  aligned  with  the  principal 
stresses  and  without  shear  rigidity.  The  optimal  structure  thus  obtained  is  stable  only  under 
the  loads  that  it  was  designed  for,  any  other  loading  condition  will  cause  its  collapse. 

When  there  are  multiple  load  cases,  reference  [12]  obtains  an  optimal  design  using 
anisotropic  materials,  with  the  elastic  properties  varying  along  the  continuum. 

Recendy,  Sigmund  [10]  has  demonstrated  the  feasibility  of  designing  materials  with 
prescribed  elastic  behavior.  By  using  a  properly  formulated  topology  optimization  model, 
it  is  possible  to  create  materials  which  possess  such  behavior.  Most  of  Sigmund's 
structures  were  realized  by  using  a  truss  topology  optimization  model  on  a  material 
microstructural  level.  As  suggested  by  Sigmund,  it  is  also  possible  to  develop  these 
materials  by  using  a  continuum  topology  optimization  approach,  similar  to  that  used  for  the 
above  examples.  Essentially,  the  optimization  problem  becomes  an  inverse 
homogenization  problem:  given  a  particular  elasticity  tensor  Eijkl,  determine  a  material 
microstructure  that  possesses  such  a  constitutive  matrix.  Details  of  the  technical  approach 
can  be  found  in  Sigmund  [10].  We  present  two  recent  examples  of  the  application  of  such 
a  technique. 

Material  with  Poisson's  ratio  =  1.0 

In  this  case,  we  seek  to  design  a  material  which  possesses  equal  strength  in  each  of  the 
principal  directions,  and  thus  possesses  a  poisson's  ratio  of  approximately  1.0.  Note  that 
this  material  has  no  shear  stiffness.  The  microstructure  of  this  material  is  shown  in  Figure 
2.  Dark  areas  indicate  areas  of  solid  material  in  the  unit  cell,  and  light  areas  indicate  areas 
of  no  material.  Note  also  that  this  particular  microstructure  works  because  of  the  hinges 
that  are  formed  in  the  comer  areas.  Thus,  such  a  microstructure  would  be  relatively 
difficult  to  construct.  If  we  relax  the  material  constraint,  and  design  a  material  with  a 
Poisson's  ratio  of  0.8,  it  is  possible  to  create  a  microstructure  which  is  physically 
realizable. 

A  lattice  made  of  this  material  resembles  an  octagonal  honeycomb  structure.  The  structural 
response  of  this  material  is  similar  to  that  of  a  more  typical  honeycomb  structure. 


Figure  2:  Isotropic  Material  Microstructure 
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Orthotropic  Material 


In  this  example,  we  designed  an  orthotropic  material  which  possesses  stiffnesses  in  the  two 
principal  directions  in  the  ratio  of  4  to  1.  Figure  3  illustrates  the  microstructural  layout  of 
this  material.  The  stiffness  in  the  vertical  direction  is  nearly  one-quarter  of  the  stiffness  in 
the  horizontal  direction.  In  this  case,  we  have  designed  a  material  which  also  possesses 
some  shear  stiffness,  and  is  thus  more  easily  physically  realizable  than  the  above  example. 
In  this  figure,  the  different  grey-scale  shading  can  be  interpreted  as  areas  of  different 
material  density,  where  darker  shades  indicate  higher  material  density  and  lighter  shades 
indicate  less  dense  material. 


Figure  3:  Orthotropic  Material  Microstructure 

Figure  4  shows  an  example  of  a  material  lattice  composed  of  these  microstructural  unit 
cells. 


Figure  4:  Lattice  composed  of  Designed  Material 

It  is  conceptually  possible  to  create  structures  using  this  method  which  possess  virtually 
any  physically  realizable  combination  of  material  properties.  Extension  to  the  design  of 
three  dimensional  material  microstructures  is  underway.  Integration  of  this  technique  with 
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advanced  fabrication  techniques  to  allow  the  realization  of  these  novel  microstructures  is  the 
logical  next  extension  of  this  research. 


CONCLUSIONS 

Effective  computational  tools  exist  for  the  structural  layout  design  of  typical  engineered 
structures.  In  addition,  these  tools  offer  the  potential  to  design  structures  which  take 
advantage  of  the  unique  possibilities  inherent  in  freeform  fabrication  technology.  It  is 
possible  to  simultaneously  perform  layout  design  and  material  microstructure  design  using 
these  techniques.  One  area  of  ongoing  work  involves  the  integration  of  the  macro-  and 
microscale  design  procedures.  This  structural  layout  design  procedure  has  been  extended 
to  the  design  of  multibody  welded  structures  and  to  problems  involving  the  layout  of 
structures  with  specified  dynamic  response  characteristics.  Additional  ongoing  work 
involves  extending  the  methodology  to  new  classes  of  structures,  such  as  performing 
layout  optimization  for  structures  formed  from  composite  laminates. 
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Abstract 

An  analytical  model  of  the  thermal  field  for  one  scan  line  during  SLS  is  developed.  Quantitative  relation¬ 
ships  between  net  heat  input  and  beam  velocity  are  stated  for  sintering  at  a  given  distance  from  the  center 
of  the  beam  and  for  the  case  of  maximum  surface  temperature.  For  the  maximum  surface  temperature,  two 
extreme  cases  have  been  analyzed:  pure  conduction  heat  transport,  and  highly  convective  molten  consoli¬ 
dation.  It  is  suggested  that  a  highly  convective  process  allows  significantly  higher  net  heat  input  than  pure 
conduction.  It  is  found  that  for  certain  conditions,  the  relationship  between  net  heat  input  and  beam  velocity 
is  independent  of  the  thermal  conductivity  of  the  material.  Key  Words:  model,  melting,  selective  laser 
sintering,  thermal,  process  window. 

Introduction 

For  a  reaching  a  desired  sintering  depth,  the  velocity  of  the  laser  beam  over  the  surface  of  the  powder  layer 
during  SLS  depends  on  the  net  heat  input.  It  is  generally  necessary  to  impose  a  higher  heat  input  to  increase 
beam  velocity  while  maintaining  the  same  sintering  depth.  The  temperature  reached  at  the  surface  limits  the 
heat  flux.  This  work  focuses  on  these  thermal  aspects. 

The  sintering  process  is  characterized  by  a  sintering  temperature  ( Ts )  and  sintering  time  ( t$ ).  These  param¬ 
eters  are  such  that  for  reaching  a  desired  void  fraction  or  smaller,  the  powders  have  to  remain  at  a  temper¬ 
ature  of  at  least  T  during  at  least  ts ,  and  can  be  estimated  with  an  appropriate  sintering  model  (for  example 
ref.  1  or  2).  In  the  case  of  melting  powders,  the  sintering  time  can  be  considered  small  and  the  sintering  tem¬ 
perature  corresponds  to  the  melting  temperature,  or  the  temperature  of  the  peak  specific  heat  in  the  case  of 
a  melting  range.  In  both  cases,  sintering  or  melting,  the  temperature  field  after  the  beam  passes  can  be  ap¬ 
proximated  by  a  thin  layer  of  hot  material  at  the  surface. 

The  mechanism  governing  consolidation  process  dictates  the  maximum  surface  temperature.  For  some  ma¬ 
terials  and  process  conditions,  for  example  polymers  or  wax,  complete  melting  of  the  powders  occurs  under 
the  beam  (ref.  3).  In  other  cases  a  solid  phase  is  always  present,  for  example  polymer  coated  silicon  carbide 
(ref.  2).  In  the  latter  case,  the  physics  of  the  process  can  be  studied  as  a  heat  conduction  problem,  neglecting 
the  presence  of  some  melting.  When  all  the  powder  is  molten,  and  convective  currents  help  to  homogenize 
the  temperature  within  the  liquid,  the  problem  requires  a  detailed  analysis  of  the  effect  of  flow  and  the  heat 
conduction  with  a  moving  boundary.  In  this  work,  the  two  cases  are  analyzed.  For  the  melting  controlled 
problem  a  limiting  case  is  taken,  where  convective  currents  completely  homogenize  the  temperature  of  the 
liquid,  and  the  deepening  velocity  of  the  melting  front  (Vm  in  fig.  4)  is  high. 

Modeling  the  entire  SLS  process  is  veiy  difficult  due  to  the  many  different  physical  processes  involved.  For 
the  case  of  fully  molten  powder,  surface  forces  change  the  shape  of  the  sintered  line,  making  it  narrower  and 
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convex.  This  work  does  not  consider  these  effects  and  those  due  to  shrinkage  and  distortion.  The  geometry 
of  the  process  will  be  assumed  to  be  a  flat  surface  throughout  the  following  analysis. 

The  net  heat  input  is  related  to  the  laser  power  through  an  optical  coupling  coefficient  (ref.  4).  The  thermal 
conductivity  of  the  powders  is  estimated  from  that  of  solid  material  using  the  semi-empirical  model  pro¬ 
posed  by  Xue  and  Barlow  (ref.  5).  For  the  typical  conditions  in  SLS,  the  heat  transfer  problem  can  be  con¬ 
sidered  one  dimensional,  (ref.  7).  For  simplicity  of  the  analytical  solutions,  the  laser  beam  will  be  considered 
as  a  round  uniform  surface  flux  that  moves  in  the  direction  of  x  in  the  moving  coordinate  frame  of  Fig.  1 . 
The  fact  that  the  heat  source  can  be  better  described  by  a  gaussian  distribution,  or  that  there  may  be  some 
volume  heating  in  a  semi  transparent  absorbent  medium  (ref.  4)  does  not  affect  the  final  calculation  of  the 
depth,  since  the  temperature  field  after  the  beam  passed  can  be  approximated  by  a  thin  hot  surface  layer, 
independent  of  how  the  stored  energy  was  added.  The  surface  of  the  powder  layer,  with  the  exception  of  the 
zone  under  the  beam  will  be  considered  insulated  without  surface  heat  losses  due  to  convection  or  radiation. 

Variables  not  defined  within  this  paper  follow  the  standard  definition  associated  with  heat  transfer  analysis. 

Conduction  Model 

This  model  considers  conduction  as  the  only  mechanism  of  heat  transfer.  It  is  assumed  that  the  thermal 
properties  of  the  body  are  constant  and  the  heat  of  melting  is  negligible.  This  means  that  the  sintering 
zone  and  the  powder  are  considered  to  have  the  same  thermal  properties  regardless  of  temperature. 

The  one  dimensional  analytical  solution  for  a  moving  heat  source,  like  that  of  Fig.  1,  is  given  by  eq  (1)  to 
(4). 


T(z,  t ) 

=  ^Vatierfc 

U^/s) 

for  t<T 

(1) 

T(z,  t) 

,2 y^)“*27a('  T)ierfc(2y„(,_'Tj) 

for  t  >  x 

(2) 

Jr2-y2-x 
'=  V 

(3) 

l  Z  y 

(4) 

The  temperature  profile  at  the  sintering  depth  and  width  (z  =  d  ,y  =  w),  and  the  isotherm  for  the  sintering 
temperature  at  the  plane  of  symmetry  (y  =  0 )  are  shown  in  Fig.  2  and  3.  It  can  be  seen  in  Fig.  3  that  the 
characteristic  length  for  heat  diffusion  in  the  depth  direction  is  much  smaller  than  in  the  surface  direction 
(axis  x  and  z  have  different  scales). 

Eq.  (1)  gives  the  temperature  field  for  points  under  the  beam.  Eq.  (2)  represents  the  diffusion  of  heat  into 
the  bulk  of  the  powder,  after  the  beam  has  passed.  Eq.  (3)  and  (4)  connect  the  one  dimensional  model  and 
the  moving  source  geometiy. 

Those  points  where  T  —  Ts  during  a  time  ts  provide  the  shape  of  the  sintered  section  in  the  y  =  constant 
plane.  For  each  of  these  planes  we  have  to  find  the  roots  of  T  (z,  t)  =  Ts,  and  find  the  depth  (z ),  for  which 
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the  difference  between  the  roots  is  the  sintering  time  ts  .  Eq.  (2)  has  no  explicit  expression  for  the  roots  of 
T  (z,  t)  =  T  ,  so  we  simplify  its  form.  The  first  step  of  this  simplification  is  to  consider  the  process  of 
diffusion  of  heat  into  the  bulk  as  diffusion  of  heat  from  a  thin  layer  of  hot  material  at  the  surface.  The  second 
step  is  to  approximate  the  isotherms  T  =  Ts  with  ellipses. 


Eq.  (5)  corresponds  to  the  thin  film  simplification.  For  the  representative  case  analyzed,  this  approximation 
is  very  accurate,  as  can  be  seen  in  Fig.  2  and  3. 


T(z,  t ) 


ocgtexp 


kjnat 


(5) 


Here  t  =  -x/V.  The  corresponding  equation  for  an  ellipse  approximating  the  isotherms  corresponding  to 
a  plane  y  =  constant  is: 


x  +  a  V 

—  J  + 


=  1 


(6) 


This  ellipse  must  have  the  same  depth  and  the  same  length  as  the  sintering  isotherm.  The  length  2 a  is  ob¬ 
tained  from  eq.  (5)  solving  for  x  with  T  =  7 ,  and  z  =  0 .  This  length  varies  with  the  y  coordinate. 


_  a vrqxv 

~  2n\kts) 


(7) 


The  depth  of  the  ellipse  (b)  is  obtained  by  maximizing  eq.  (5)  with  respect  to  t  to  find  Tmax ,  and  solving 
eq.  (5)  for  z  with  T  =  Ts  and  t  =  tmax . 


b  = 


(8) 


The  ellipse  corresponding  to  the  representative  case  analyzed  is  plotted  in  Fig.  3.  It  can  be  seen  that  the  po¬ 
sition  of  the  maximum  is  shifted,  but  the  distance  corresponding  to  the  sintering  time  remains  approximately 
the  same.  Taking  the  desired  sintering  depth,  sintering  time,  and  scan  width  as  d,  fy  and  2 w  respectively, 
ineq.  (6)  z  =  d,  x  +  a  =  Vt/2  ,  and  in  eq.  (4)  y  =  w. 


For  the  representative  case  analyzed,  the  term  containing  x  in  eq.  (6)  is  small  up  to  sintering  times  of  0.45 
s.  In  the  following  example  we  consider  the  melting  of  nylon  powders,  therefore,  sintering  time  is  negligible 
and  this  term  will  not  be  considered.  Substituting  eq.  (7)  to  (8)  in  (6),  and  using  the  identity  q  =  Q/ 7 ir2 , 
we  obtain  the  relationship  between  Q  and  V  for  a  certain  sintering  material  and  geometry: 


Q  = 


k\3/2  pcT  rd 
11  '  i  n  s 

W 

1  -  * 


(9) 


Eq.  (9)  gives  the  minimum  net  heat  input  necessary  for  sintering  a  certain  depth  at  a  certain  speed. 

Maximum  Surface  Temperature  Assuming  Conduction 

There  is  also  a  maximum  heat  input,  given  by  the  maximum  surface  temperature  that  can  be  reached  before 
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undcsired  effects  occur  (laser  ablation  (ref.  6),  pyrolysis  (ref.  3),  boiling).  For  the  cases  in  which  conduction 
is  the  only  heat  transfer  process  (e.g.  when  there  is  no  melting),  the  maximum  surface  temperature  is  ob¬ 
tained  from  eq.  (1),  for  z  =  0,y  =  0  and  /  =  X: 

r„,„,  =  jJ1^'  <"» 


Rearranging  eq.  (10),  we  obtain  the  relationship  between  net  heat  input  and  velocity  for  a  given  maximum 
surface  temperature  T ma  v  =  T  . 


Q  = 


*) 


3/2 


kry2T. 

Ja 


-Jv 


(N) 


Melting  controlled  model 

When  there  is  complete  melting  of  the  powders  between  the  surface  and  the  sintering  depth,  convective  cur¬ 
rents  can  occur,  and  a  pure  conduction  model  is  not  appropriate.  In  these  cases  the  sintering  temperature 
corresponds  to  the  melting  point. 

We  analyze  the  limiting  case  in  which  convection  current  homogenize  the  liquid  temperature  (Biot  «  1), 
and  the  velocity  of  deepening  of  the  melting  front  is  sufficiently  high  (Peclet  »  1 )  to  consider  that  there  is 
no  heat  lost  by  conduction  (Fig.  4). 

This  model  represents  the  heating  of  points  under  the  beam  and  provides  an  estimate  of  maximum  surface 
temperature.  Once  the  beam  has  passed,  the  thermal  field  can  be  analyzed  with  eq.  (5)  as  heat  diffusing  from 
a  thin  hot  surface  layer. 

An  energy  balance  for  this  case  is: 

qx  =  pPfc  T  +  AH  +c  (7,-7  )1  +  O  ,  (12) 

3  f'f-'L  m  pt\  i  j  *-cond  K  ’ 

where  we  neglect  QC0lu/  for  high  values  of  the  Peclet  number. 

An  energy  balance  of  the  heat  transfer  at  the  melting  front  gives: 

pSf  c  T  +  AH  }  +  Q  ,  =  O  (13) 

Pp  in  in  J  cond  ^ cony  K'-’J 

where 


Qco„,  =  J0'',<r, -7JA  =  h(TrTm)x  (14) 

Combining  eq.  (12)  and  (13),  and  neglecting  Qcond ,  we  obtain  the  heat  input  corresponding  to  a  given  ho¬ 
mogeneous  liquid  temperature  (7^). 


c  T,  + AH 

Q  =  nr2h  (T.-T  )-^= - v# 

1  m  CPT,n  +  AH,n 

In  eq.  (15)  the  heat  capacity  of  liquid  (c  )  and  the  solid  (c  )  are  assumed  to  be  the  same. 

/  /  /', 


(15) 
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The  Peclet  and  Biot  numbers  are  estimated  using  the  depth  reached  at  the  end  of  the  beam  (3  as  the  char¬ 
acteristic  length,  where  p  =  ql/ p  (c  Tt  +  A Hm)  . 

Representative  Case 


The  representative  case  considered  is  the  SLS  of  Laserite  nylon  with  a  velocity  of  12.7  mm/s,  a  sintering 
depth  of  0.317  mm,  and  a  scan  spacing  of  0.5  mm. 

The  value  of  the  parameters  used  are  presented  in  Table  1. 


Table  1:  Parameters  for  the  Representative  Case 


Process 

Solid  Material 

Powder 

V  =  12.7E-3  m/s 

Tm  =188.7  °C 

£=0.4 

r  =  1.5E-3  m 

T  =  1000  °C 

c 

p  =  624  kg/m3 

d  =  0.317E-3  m 

T  =T 

s  m 

k  =  0.1  W/m-K 

w  =  0.25E-3  m 

cp=  1968  J/kg-K 

a=8.14E-8  m2/s 

Tamb=25°C 

AH  =  55688  J/kg 

ps=  1040  kg/m3 

k  =  0.23  W/m-K 

s 

From  eq.  (1 1)  we  obtain  the  necessary  heat  input  for  sintering:  Q  =  4  W.  Eq.  (10)  gives  the  maximum  sur¬ 
face  temperature  T  =  910.6  °  C,  The  dimensions  of  the  ellipse  corresponding  to  the  sintering  width  are 
a  ~  1 1  mm  and  b  ~  0.3  mm . 

The  hypothesis  of  one  dimensional  heat  transfer  is  valid  for  all  depths  (within  a  5%  error)  when  V2!/ 4a 
>  4.4  (ref.  7).  For  the  representative  case,  this  is  equivalent  to  \y/r\  <  0.9993,  i.e.,  almost  all  points  under 
the  beam  approximate  ID  heat  transfer. 

An  energy  balance  indicates  that  the  heat  losses  by  convection  and  radiation  are  negligible.  During  the  time 
it  takes  to  reach  the  maximum  depth  at  the  plane  of  symmetry  (tmax),  the  energy  input  is  q%  =134  kJ/m2  . 
After  the  beam  has  passed,  the  losses  by  convection  account  for  0.7%,  by  radiation  2%;  the  heat  flux  by 
conduction  through  the  sintering  isotherm  accounts  for  32%,  and  the  energy  stored  between  the  surface  and 
the  sintering  isotherm  is  68%.  In  this  analysis  the  heat  of  melting  was  neglected;  included,  it  accounts  for 
12%  of  the  energy  stored.  An  approximate  consideration  of  the  heat  of  melting  can  be  made  by  increasing 
the  specific  heat  of  the  powder  by  12%.  During  the  time  the  beam  is  over  a  point,  the  radiation  losses  are 
7%  of  the  net  energy  input.  This  amount  must  be  considered  in  the  overall  efficiency  of  the  laser  beam. 

From  eq.  (8)  it  can  be  inferred  that  the  maximum  temperature  decreases  with  increasing  depth.  A  medium 
is  considered  semi-infinite  when  it  is  deeper  than  the  penetration  corresponding  to  a  small  temperature  in¬ 
crease.  For  T  =  0.05  xT  ,  we  obtain  a  depth  of  20  b  for  the  plane  of  symmetry.  In  this  example,  the  min¬ 
imum  depth  is  6.4  mm  (approx.  20  layers). 

For  the  melting  controlled  model  we  use  representative  values  for  the  convection  coefficient  and  for  the 
thermal  conductivity  of  the  liquid  corrected  for  convective  flow.  A  typical  value  for  the  convection  coeffi- 
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cient  in  liquids  is  h  =  1 000  W/m2  -K.  A  more  accurate  estimation  of  h  requires  a  detailed  study  of  the  con¬ 
vective  flow  and  liquid  properties.  The  thermal  conductivity  of  the  liquid  will  be  estimated  as  ten  times  the 
conductivity  of  the  solid  material  (k[  =  2.3  W/m-K).  From  eq.  (15),  for  a  net  heat  input  Q  =  4  W,  the  cor¬ 
responding  liquid  temperature  is  T{  =  436  °C.  This  temperature  rise  is  approximately  half  of  that  for  the 
pure  conduction  model.  For  a  maximum  temperature  of  1000  0  C,  the  maximum  net  heat  input  is  30  W. 

The  values  of  P  and  Pe  are  0.25  mm,  and  3.2  respectively.  The  Peclet  number  is  greater  than  10  for  ve¬ 
locities  lower  than  4  mm/s.  The  value  of  Bi  is  0.1,  indicating  that  heat  conduction  and  convective  currents 
act  to  homogenize  the  liquid  temperature. 

Discussion  and  Conclusions 


The  analysis  described  in  this  article  is  meant  both  to  provide  some  physical  insight  into  the  SLS  process 
and  to  guide  directions  for  further  analyses  including  thermal  and  mechanical  effects.  Note  that  many  pro¬ 
cess  parameters,  such  as  energy  flux,  scan  rate,  and  beam  radius,  enter  into  the  presented  relations  linearly. 
In  some  cases  this  linearity  results  from  our  simplifications  in  analysis.  The  actual  process  obviously  con¬ 
tains  more  nonlinearities  and  complexities  than  we  represent  here.  However,  we  believe  that  these  relatively 
simple  relations  represent  the  first  order  physics  of  the  process  and  therefore  provide  functional  guidance 
on  the  effect  of  different  process  variables. 


The  relations  we  derive  can  also  be  used  to  estimate  scan  rate  and  heat  flux  windows  for  feasible  SLS  pro¬ 
cessing.  Fig.  5  presents  one  such  process  window  for  Laserite  nylon.  Note  that  the  thin  film  solution  of  heat 
transfer  into  the  bulk  after  the  beam  has  passed  a  given  point  is  common  to  both  the  conduction  and  melting 
controlled  models.  The  models  differ,  however,  in  calculating  the  temperature  field  immediately  under  the 
beam.  The  three  curves  in  the  figure  illustrate  the  thin  film  solution  and  consequences  of  this  difference  in 
temperature  field.  The  lower  straight  line  represents  the  thin  film  solution  and  is  a  boundary  of  the  process 
window.  The  intersecting  curve  represents  the  other  boundary  from  the  conduction  model  which  is  formed 
by  assuming  a  limiting  maximum  surface  temperature.  Together  the  two  boundaries  define  a  process  win¬ 
dow  assuming  conduction  control  of  the  process.  Combining  eq.  (9)  and  (1 1 ),  we  obtain  the  theoretical  max¬ 
imum  velocity  and  heat  input  that  allow  sintering  to  the  desired  depth  and  width,  without  reaching  the 
critical  surface  temperature. 


V 

max 


( 

e~1a  r 
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Using  the  parameters  of  the  representative  case,  eq.  (16)  gives  Vmax  =  15  mm/s.  Values  of  scan  rate  and 
incident  energy  (assuming  an  optical  coupling  of  50  percent)  taken  from  a  video  study  provided  by  the  SLS 
research  group  at  the  University  of  Texas  as  Austin  (ref.  3)  are  plotted  as  points  in  the  figure.  The  video 
image  corresponding  to  the  left  point  pictured  the  formation  of  vapor  bubbles.  We  used  the  process  param¬ 
eters  corresponding  to  the  right  point  as  our  representative  case  for  analysis. 

The  upper  line  in  the  figure  represents  the  process  boundary  assuming  melting  control,  where  the  molten 
material  is  isothermal.  It  can  be  seen  that  the  working  window  in  this  case  is  potentially  larger,  due  to  a  more 
homogeneous  distribution  of  the  thermal  energy  under  the  beam.  In  this  case,  the  molten  zoVis  able  to  store 
more  energy  before  reaching  the  critical  temperature.  Confirmation  of  this  effect  would  require  a  more  ac¬ 
curate  estimation  of  the  parameters  for  the  convection  in  the  liquid.  In  the  example  typical  values  have  been 
used. 
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In  a  sintering  process  without  melting,  the  model  pure  conduction  model  applies.  However,  when  there  is 
melting  involved,  the  process  may  not  be  melt  controlled.  A  detailed  study  of  the  flow  currents  is  necessary, 
and  depending  on  its  characteristics,  the  ruling  mechanism  is  melting,  pure  conduction  (for  the  case  in  which 
there  are  almost  no  currents),  or  mixed. 

In  this  model  the  value  of  the  thermal  properties  of  the  body  are  considered  constant,  therefore  the  Fourier 
equation  of  heat  conduction  is  linear  and  it  is  possible  to  superimpose  solutions.  Due  to  the  simplicity  of  the 
model,  this  can  be  accomplished  efficiently  and  with  a  moderate  computer  overhead  making  it  possible  to 
consider  the  effect  of  different  passes  over  the  same  point  to  calculate  a  total  temperature  history.  A  study 
addressing  the  effect  of  multiple  passes  could  explain  the  effect  of  the  beam  radius  on  the  sintering  depth. 
For  the  case  of  multiple  passes,  increasing  the  beam  diameter  increases  the  depth  of  sintering  (ref.  8).  For 
the  case  of  a  single  pass,  eq.  (9)  indicates  the  opposite  effect. 
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APPLICATIONS  OF 

3D  LASER  DIGITIZING  AND  SURFACING  TECHNOLOGIES 


Many  companies  have  manufacturing  requirements  to  copy  or  "reverse 
engineer"  an  already  existing  part  for  which  there  is  no  existing  CAD  model,  print, 
pattern,  or  mold.  In  the  past  this  process  has  been  very  tedious  requiring  weeks  and 
sometimes  months  to  complete.  The  engineer  has  to  create  a  CAD  model  by  measuring 
the  physical  part  with  calipers  and/or  a  CMM  and  then  create  features  and  surfaces  in 
CAD.  If  a  2D  print  is  available,  this  data  must  be  converted  to  define  the  CAD  model 
features.  This  process  is  very  prone  to  error  and  several  iterations  must  be  executed 
before  an  acceptable  completed  part  is  produced. 

There  is  now  an  available  process  to  support  "reverse  engineering"  applications 
which  greatly  reduces  the  time  to  complete  these  projects,  provides  a  complete  and 
accurate  CAD  model  on  the  first  iteration,  allows  for  the  programming  of  tool  paths, 
and  is  completely  compatible  with  the  company's  current  CAD/CAM  procedures.  This 
process  includes  the  integration  of  the  automated  4-axis  3D  laser  digitizing  from 
Digibotics,  Inc.  with  a  complete  software  environment  for  point  processing,  surface 
generation,  and  analysis  from  Imageware.  A  case  study  using  these  technologies  was 
recently  completed  by  Fred  Nicholas,  CAD/CAM  Manager,  of  InterMotive 
Technologies,  a  design  and  engineering  company  located  in  Belleville,  MI.  This  paper 
describes  the  entire  flow  through  the  digitizing,  surfacing,  and  CAD/CAM  processes. 

For  this  case  study,  Mr.  Nicholas  selected  an  automotive  thermostat  housing 
which  is  a  part  with  some  complex  outer  surfaces  and  an  internal  cavity.  A  core  stick 
of  the  internal  cavity  was  created.  The  Digibot  II  3D  laser  digitizer  from  Digibotics, 
Inc.  was  used  to  digitize  both  the  external  part  and  the  internal  core  stick.  After  editing 
the  3D  digitized  data,  a  point  file  was  imported  into  the  Surfacer  software  system  from 
Imageware.  Surfacer  was  used  to  create  a  network  of  B-spline  curves  and  surfaces. 
An  IGES  NURBS  surface  file  was  created  and  then  imported  into  several  CAD/CAM 
systems  to  demonstrate  the  ability  to  create  a  surface  and  tools  paths  for  making  the 
part.  For  this  case  study,  the  Computervision  CADDS5  software  was  used  to 
demonstrate  the  complete  CAD/CAM  process. 

The  Digibotics  3D  laser  digitizing  technology  was  used  for  this  project  because 
it  offers  several  unique  advantages  for  "reverse  engineering"  of  complex  parts.  The 
Digibot  II  is  an  automated  4-axis  digitizer  that  provides  a  simple,  accurate,  and  quick 
way  to  copy  or  inspect  complex  sculpted  surfaces.  After  fixturing  an  object,  the  user 
specifies  a  point  density  and  instructs  the  system  to  begin.  While  digitizing,  the  object 
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rotates  on  the  platter  and  the  laser  translates  horizontally  and  vertically.  Vertically 
spaced  cross-sections  are  digitized  starting  from  the  bottom  and  moving  upward.  The 
Digibot  Adaptive  Scanning  Software  intelligently  follows  the  contours  of  the  surface 
acquiring  a  sequence  of  adaptively  spaced  points  while  keeping  the  laser  beam  normal 
to  the  surface.  Concave  surfaces  and  multiple  contours  are  obtained  by  pivoting  the 
laser  about  obstructing  surfaces.  After  digitizing,  the  object  is  composed  of  a  stack  of 
cross-sectional  contours.  The  entire  object  along  with  individual  points  and  contours 
can  be  examined  and  modified  as  needed  using  the  Digibot  Data  Editor.  A  surface 
mesh  composed  of  triangular  facets  is  generated  by  connecting  points  and  contours 
between  cross-sections.  The  resulting  polyline  and/or  surface  mesh  can  be  exported  via 
data  formats  such  as  DXF,  STL,  VDA,  or  IGES. 

The  Surfacer  software  system  provides  the  link  between  the  3D  laser  digitized 
data  and  the  conventional  CAD/CAM  system.  Surfacer  accepts  point  data  directly 
from  the  Digibot  Editor  and  performs  point  data  analysis  and  processing  such  as 
segmentation,  sectioning,  filtering,  and  feature  extraction.  The  NURBS  surfaces  are 
then  quickly  and  accurately  created  from  the  selected  point  sections.  The  quality  of  the 
created  surfaces  are  verified  by  points  to  surface  comparison,  reflectance  analysis, 
curvature  analysis,  and  cross-sectional  tools.  These  surfaces  can  then  be  edited  and/or 
modified.  Point,  curve  and/or  surface  geometry  can  then  be  exported  directly  to 
"downstream"  processes  such  as  CAD,  CAM,  Analysis  or  Visualization/Animation 
systems. 

The  first  step  of  the  process  was  to  digitize  the  thermostat  housing  using  the 
Digibot  II  3D  laser  digitizer.  The  housing  was  attached  to  the  platter  of  the  Digibot  II 
by  simply  using  hot  glue.  The  Digibot  II  then  digitized  the  entire  housing  by  using 
Digibotics'  patented  adaptive  scanning  procedure.  Both  the  external  housing  and  the 
internal  core  stick  were  digitized.  In  a  post-processing  phase,  Mr.  Nicholas  viewed  the 
120  cross-sections  and  performed  minor  editing  to  guarantee  a  good  clean  file  of  3D 
data  points.  The  digitizing  and  editing  process  for  this  housing  was  completed  in  1  1/2 
days.  Mr.  Nicholas  also  used  the  Digibotics  Triangulator  and  STL  Generation  software 
to  create  an  STL  file  of  the  housing.  The  Accelerated  Technologies  Inc.  DTM  rapid 
prototyping  system  was  used  to  create  a  polycarbonate  copy  of  the  housing.  This  is 
very  useful  as  an  intermediate  step  to  demonstrate  that  the  digitizing  process  was  very 
complete  and  accurate. 

The  two  files  of  3D  data  points  (containing  about  20,000  points)  were  then 
imported  directly  into  Surfacer  for  creation  of  the  surfaces.  The  two  data  fdes  were 
first  combined  to  form  one  complete  external  and  internal  object  by  registering  the  two 
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parts  to  a  common  axis  through  the  centroid  of  the  part.  Surfacer  provides  a  complete 
set  of  tools  for  aligning  multiple  scans  or  aligning  scan  data  to  CAD  data.  A  "push¬ 
button"  surface  of  the  entire  housing  was  then  created.  This  one  large  complex 
NURBS  surface  is  very  useful  for  visualization,  for  gross  product  testing,  and  for 
interference  checking  with  other  CAD  components.  Because  the  Digibot  digitized  data 
is  created  in  orderly  well-spaced  cross  sections  with  no  redundant  or  over-lapping  data, 
this  makes  it  much  easier  for  Surfacer  to  create  surfaces  and  perform  its  analysis 
functions.  After  the  point  analysis  and  registration,  individual  accurate  surfaces  were 
created.  This  occurs  by  generating  surface  patches  over  different  point  sections  to 
define  unique  surfaces.  Surfacer  provides  tools  for  detecting  surface  edges  and 
segmenting  points  to  define  areas  to  be  surfaced.  Surface  patches  can  then  be  fit  to  the 
points,  with  the  user  having  control  over  the  NURBS  smoothness  and  fitting  tolerances. 
For  the  housing,  21  different  surface  patches  were  created.  These  patches  are  stitched 
to  create  continuous,  "watertight"  connections,  and  different  analysis  was  performed  to 
confirm  the  accuracy  of  the  surfaces.  The  21  surface  patches  were  then  converted  to  an 
IGES  5.0  NURBS  surface  file  for  export  into  the  CAD/CAM  systems.  This  processing 
time  in  Surfacer  took  about  two  working  days. 

Mr.  Nicholas  then  imported  the  IGES  file  into  CADDS5  for  processing.  The 
file  was  also  imported  into  ProEngineer  and  AutoCAD  to  demonstrate  the  IGES 
compatibility  with  other  CAD  systems.  In  CADDS5,  a  complete  solid  model  was 
created  by  sewing  the  21  individual  surfaces.  With  this  solid  model,  physical  property 
analysis  can  then  be  performed  such  as  volume  and  mass  calculations.  An  STL  file  was 
created  from  this  solid  model,  and  a  prototype  was  created  using  the  3D  Systems  rapid 
prototyping  system.  A  tool  path  was  created  using  Computervision's  CVNC  software. 
The  internal  cavity  was  first  isolated  from  the  external  part  for  tool  path  generation. 
Then  a  tool  path  was  generated  on  the  external  surface.  Finally,  a  product  drawing  was 
generated  for  documentation  of  this  part.  The  detailing  environment  included  all  radii, 
dimensions,  cutting  sections,  tolerances,  and  information  for  placing  the  housing  in  its 
engine  position.  The  procedures  implemented  in  CADDS5  are  very  straight  forward 
and  utilizes  the  normal  CAD/CAM  functions  that  would  be  used  for  any  solid  model 
design.  The  procedures  for  CADDS5  were  executed  in  two  working  days. 

The  processes  that  are  demonstrated  in  this  case  study  were  not  available  one 
year  ago.  There  has  been  tremendous  progress  during  this  time  in  the  integration  of  the 
digitizing  hardware/software  and  surfacing  software  for  supporting  these  complex 
projects.  This  case  study  was  implemented  in  about  one  week,  and  is  at  least  a  four 
week  improvement  over  uses  of  other  approaches.  The  Digibotics  and  Imageware 
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week  improvement  over  uses  of  other  approaches.  The  Digibotics  and  Imageware 
systems  are  the  only  hardware/ software  combinations  that  provide  automated  digitizing 
and  surfacing  of  complete  complex  objects.  This  capability  to  recreate  3D  objects  with 

this  process  is  available  now  for  applications  such  as  creating  spare  parts,  recreating 

parts  where  no  prints  or  CAD  model  exist,  and  creating  a  CAD  model  from  a  physical 
model  done  in  clay,  foam,  or  other  fragile  material. 


New  Developments  in  Processing  and  Control  of 
Selected  Area  Laser  Deposition  of  Carbon 


W.  Richards  Thissell  and  H.  L.  Marcus 

Center  for  Materials  Science  and  Engineering 
The  University  of  Texas  at  Austin 
Austin  TX  78712 

Selected  area  laser  deposition  (SALD)  has  been  used  to  deposit  carbon  from  methane,  hydrogen, 
oxygen,  and  argon  mixtures  using  a  third  generation  deposition  system.  The  effect  of  two  laser 
scanning  hardware/software  designs  on  the  development  of  morphological  instability  in  the 
resulting  deposit  is  compared.  One  method  uses  programmed  I/O  using  the  main  process  control 
CPU  to  calculate  and  download  beam  position  and  desired  laser  power.  Another  method  is 
presented  which  uses  dedicated  direct  memory  access  (DMA)  controllers  and  a  dedicated 
counter/timer  to  download  the  required  information.  Its  improvements  to  the  process  include 
better  coordination  between  laser  power  and  beam  speed  resulting  in  an  improved  beam  power 
delivery  uniformity  and  an  improved  ability  to  utilize  one  CPU  for  control  of  more  of  the  SALD 
process  variables. 

1.  INTRODUCTION 

A  process  being  developed  at  The  University  of  Texas  at  Austin  is  solid  freeform 
fabrication  (SFF)'>2  using  selected  area  laser  deposition  (SALD).3’4’5  The  overall  goal  of  this 
project  is  to  make  arbitrary  three  dimensional  parts  from  solids  deposited  out  of  the  vapor  phase 
without  human  intervention  or  part  specific  tooling.  The  geometry  and  desired  material  are 
defined  by  a  solid  modeling  computer  file.  SALD  is  a  mechanism  developed  here  at  the  University 
to  accomplish  this.  SALD  is  accomplished  by  directing  a  laser  beam  normal  to  a  surface  and  to 
move  this  beam  relative  to  the  surface.  The  surface  is  locally  heated  where  the  laser  beam 
impinges  upon  it.  Chemical  vapor  deposition  (CVD)  or  laser  ablation  can  occur  when  the  surface 
is  at  certain  temperatures.  The  physics  of  the  process  are  extremely  complicated.  For  example, 
SALD  involves  the  formation  of  three-dimensional  hemispherical  boundary  layers  around  the 
moving  deposition  regime6’7  and  the  substrate  heating  is  a  transient,  moving  boundary  value 
problem.8’9’10’11’12  Intense  photon  flux  and  thermal  energy  at  the  substrate  surface  is  known  to 
create  plasmas  under  certain  conditions  via  either  a  multiphoton  induced  ionization  mechanism  or 
by  direct  interaction  by  electrons  with  the  strong  electromagnetic  fields  that  exist  in  focused  laser 
beams  via  inverse  bremsstrahlung,  leading  to  a  cascade  mechanism.13 

SALD  can  be  used  to  achieve  very  high  rates  of  deposition,  when  measured  in  units  of 
length/time.  This  can  be  partially  explained  by  the  formation  of  a  three-dimensional  boundary 
layer,  while  a  one-dimensional  boundary  layer  exists  for  large  area  CVD  processes.  This  three 
dimensional  boundary  layer  results  in  much  larger  fluxes  of  reactants  to  the  deposition  surface  and 
products  away  from  the  deposition  surface.  Carbon  rod  growth  rates  of  up  to  1  mm/s  have  been 
measured  from  99.6%  pure  acetylene.4  SALD  deposition  rates  of  this  order  are  desirable  for 
making  SFF  of  structural  parts  a  viable  process.  However,  high  deposition  rates  from  SALD  may 
not  be  required  for  commercial  success  using  SALD  for  SFF  because  SALD  can  be  used  to  make 
materials  for  which  there  is  no  current  manufacturing  process.  For  example,  SALD  has  the 
potential  to  be  employed  to  make  arbitrary  three  dimensional  parts  out  of  diamond  and 
diamondlike  carbon  (henceforth,  both  diamond  and  diamondlike  carbon  will  be  called  sp3  bonded 
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carbon).  This  would  allow  virtually  unlimited  applications  to  employ  sp 3  bonded  carbon's 
unexcelled  hardness,  isotropic  modulus,  chemical  inertness,  thermal  conductivity,  and  tribological 
properties. 

This  paper  documents  the  current  state  of  the  process  machine.  Preliminary  deposition 

studies  are  then  described.  The  development  of  morphological  instability  as  the  result  of 
inadequate  coordination  between  laser  power  control  and  beam  scan  velocity  is  illustrated.  An 
improved  controller  computer  interface  and  software  design  results  in  a  great  improvement  in 
deposit  uniformity  and  morphological  stability. 

2.  SALD  Machine  Description 

The  design  of  the  SALD  machine  described  herein  has  been  described  previously  in  the 
literature.14  The  process  machine  is  a  third  generation  SALD  machine  and  is  the  first  attempt  at 
computer  integration  of  most  of  the  significant  process  variables.  The  design  goal  of  the  process 
machine  is  to  bring  the  significant  process  parameters  under  sufficient  control  such  that  SALD 
may  be  developed  into  a  viable  process  for  depositing  arbitrary  three  dimensional  parts  directly 
from  the  gas  phase  from  solid  model  data.  Concurrent  engineering  principles  have  been  utilized  in 
developing  the  process  machine  and  the  process.  A  schematic  overview  of  the  major  machine 
elements  is  shown  in  figure  1.  A  brief  description  of  the  laser  scanning  sub-system  follows. 

The  process  laser  is  a  Synrad  Duolase  50  and  is  a  50  W  circularly  polarized  C02  laser.  A 
visible  HeNe  laser  (5  mW,  632  nm)  is  combined  with  the  process  beam  immediately  at  its  exit  to 
facilitate  optical  alignment.  The  combined  beams  are  then  immediately  expanded  by  a  ten  times 
Galilean  beam  expander  and  are  then  focused  about  0.5  m  from  the  exit  aperture  of  the  laser  by  a 
plano-convex  lens  of  0.5  m  focal  length.  The  beam  profile  at  the  focal  lens  has  a  profile 
approximately  halfway  between  the  rectangular  profile  of  the  beam  at  the  exit  aperture  of  the  laser 
and  a  fully  developed  Gaussian  profile.  The  beam  is  then  steered  into  the  process  chamber  by  the 
galvanometers.  Its  profile  is  substantially  Gaussian  at  the  beam  waist  and  has  a  1/e2  diameter  of 
about  250  pm,  yielding  a  composite  optical  system  M 2  =  1.10,  meaning  that  the  real  beam  waist  is 
about  ten  percent  larger  than  the  theoretically  minimum  beam  waist. 

The  laser  power  is  controlled  in  real  time  by  a  combination  of  a  direct  memory  access 
(DMA)  controlled  12  bit  D/A  converter  and  a  custom  designed  electronic  circuit  that  translates 
the  computer  controlled  analog  signal  into  a  20  kHz  pulse  width  modulated  laser  control  signal. 
This  configuration  allows  for  precise  (within  the  specified  ±5  percent  output  power  fluctuation 
intrinsic  to  the  laser)  laser  power  control  that  can  be  coordinated  in  real  time  with  the 
galvanometer  based  scanning  setup. 

The  laser  scanning  is  accomplished  with  Cambridge  Technologies,  Inc.  6650 
galvanometers  and  a  dedicated  analog  PID  controller  from  the  same  manufacturer.  The 
advantage  of  this  scanning  system  compared  to  strictly  vector  based  scanning  systems  is  that  this 
system  can  scan  arbitrary  curves  in  the  process  plane  without  approximating  the  curve  by  a  series 
of  vectors  where  the  beam  is  started  and  stopped  at  the  corresponding  vector  line  endpoints.15 
Starting  and  stopping  the  laser  beam  movement  over  the  process  surface  results  in  uneven  power 
delivery  that  is  difficult  to  control.  Precise  beam  steering  on  the  process  plane  at  constant  velocity 
is  achieved  by  changing  the  setpoint  in  angular  position  sent  to  the  controller  in  real  time.  The 
desired  process  plane  beam  position  is  readily  converted  to  a  mirror  angular  position  exactly  by  a 
simple  trigonometric  expression  without  the  need  of  a  complex  calibration  procedure  or  look-up 
table  corrections.  The  most  difficult  aspect  of  the  scanning  control  is  calculating  and 
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downloading  these  points  to  the  controller  in  real  time  and  coordinating  this  procedure  with  real 
time  laser  power  control. 

A  first  attempt  involved  a  simple  digital  I/O  board  that  utilized  an  Intel  8255  controller 
that  is  the  heart  of  the  floppy  drive  interface  used  in  industry  standard  computers.  This  controller 
required  a  programmed  I/O  under  the  mode  required  to  interface  with  the  analog  PID  controller. 
Both  repeatable  and  random  deposition  irregularities  during  the  process  experimentation  indicated 
that  this  method  was  too  casual  with  respect  to  time  for  the  needs  of  the  SALD  process.  It  also 
had  severe  implications  on  the  development  of  integrated  control  of  other  process  variables.  The 
scanning  algorithm  caused  a  software  timer  to  expire  every  250  ps  that  would  result  in  the  main 
program’s  event  loop  to  execute  a  function  that  calculates  and  downloads  new  positions  based  on 

SALD  System  III  Schematic  Overview 


Computer 

Figure  1:  Schematic  overview  of  the  third  generation  SALD  process  machine.  The  two  major  elements  of  focus  of  this  schematic  are  the 
process  vacuum  chamber  and  the  computer.  Control  lines  fan  to  and  from  the  computer  to  various  dedicated  process  controllers, 
electronic  circuits,  and  modules.  Likewise,  gases,  microwave,  laser,  and  electric  heater  power  flow  to  the  reactor,  and  sensor 
information  flows  from  the  reactor. 


the  current  time.  The  stringent  real  time  requirements  of  the  laser  beam  scanning  control 
precluded  other  process  control  modules  or  GUI  operator  requests  from  being  executed  whilst  the 
beam  was  on  and  being  scanned.  Furthermore,  periodic  interrupts  occur  in  the  process  program 
that  can  take  up  to  one  to  two  milliseconds  to  execute  which  effectively  causes  the  galvanometer 

mirrors  to  slow  down  or  stop  when  these  interrupts  occur  during  beam  scanning.  A  practical 
consequence  of  the  presence  of  the  interrupts  is  that  the  DMA  laser  power  array  cannot  be 
synchronized  with  the  true  end  of  the  scan  curve,  preventing  the  utilization  of  a  power  ramp  down 
at  the  end  of  the  scan  line.  The  origins  of  these  interrupts  are  intrinsic  to  DOS  and  the  memory 
managers  required  to  execute  the  16  bit  protected  mode  process  control  program  running  on  an 
industry  standard  architecture  33  Mhz  Intel  804086  computer  with  256  kB  of  15  ns  cache  and  16 
MB  of  60  ns  DRAM.  The  original  programmed  I/O  configuration  turned  off  the  laser  when  the 
analog  PID  control  sent  a  settling  signal  indicating  that  the  mirrors  are  within  0.05  degrees 
mechanical  (~  5X1CT4  m  on  the  scan  plane)  of  the  setpoint. 

A  solution  to  this  power  delivery  problem  was  engineered  by  changing  the  computer 
interface  board  to  a  32  bit  digital  I/O  board  that  utilizes  two  16  bit  DMA  channels  and  a  dedicated 
timer/counter  to  coordinate  data  transfers  to  the  analog  PID  controller.  The  beam  position  data 
transfers  are  synchronized  with  the  laser  power  data  transfers.  The  circuitry  of  the  analog 
controller  also  had  to  be  modified  so  that  it  would  accept  the  data  transfer  protocol  used  by  the 
new  I/O  board.  The  analog  PID  controller  was  further  modified  so  that  the  settling  signal  is  sent 
when  the  mirrors  are  within  0.0025  degrees  mechanical  (~  2.5x1 0'5  m).  The  main  process  control 
CPU  is  removed  from  the  stringent  real  time  requirements  in  the  new  method,  greatly  facilitating 
improved  overall  process  control  and  user  response.  The  CPU  calculates  arrays  of  data  for  each 
scan  line  or  arbitrary  curve  for  each  mirror  axis  and  the  laser  power,  and  three  16  bit  DMA 
channels  and  a  counter/timer  handle  the  transfer  of  these  arrays  from  system  memory  across  the 
I/O  bus  to  the  process  control  boards. 

Although  the  new  scanning  computer  interface  and  software  design  resulted  in  much 
improved  laser  power  delivery  uniformity,  it  is  not  optimized  with  our  present  computer 
capability.  Optimizing  the  DMA  laser  scanning  software  will  involve  building  a  32  bit  protected 
mode  program  that  will  decrease  the  magnitude  of  the  array  calculation  imposed  delays  by  a 
factor  of  two  and  switching  the  CPU  to  a  readily  available  90  or  100  Mhz  Pentium™  processor 
will  approximately  decrease  the  calculation  imposed  delay  by  another  factor  of  ten  or  more. 
Another  optimization  will  involve  changing  from  the  current  single  DMA  buffer  for  each  channel 
to  a  dual  buffer  configuration. 

The  integration  of  the  SALD  machine  with  solid  model  data  files  is  a  major  ongoing  goal 
of  the  SALD  development  process.  The  current  state  of  this  development  takes  industry  standard 
“.STL”  files  and  slices  and  dices  them  with  two  command  line  filters  developed  here  at  the 
University  in  a  cooperative  effort  by  several  researchers.  The  versions  of  these  programs  used  for 
the  SALD  process  development  are  32  bit  protected  mode,  virtual  memory  versions  running  on 
top  of  DOS,  Windows,  or  OS/2.  The  data  file  that  the  second  of  the  filters  emits  contains  laser 
scan  data  that  can  include  contours  and  x  and/or  y  axis  laser  scan  lines  for  each  of  the  solid  model 
slices.  The  current  contour  description  implementation  is  a  series  of  straight  line  segments  due  to 
the  intrinsic  nature  of  faceted  “.STL”  files.  The  data  coordinates  represent  coordinates  on  a  scan 
plane  as  unsigned  integers.  The  process  control  program  takes  these  data  files  as  input  and 
exactly  translates  these  coordinates  to  corresponding  mirror  angular  positions.  The  process 
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control  program  is  currently  implemented  as  a  16  bit  protected  mode  program  using  virtual 
memory  and  a  graphical  user  interface  running  under  DOS. 

3.  Deposition  Experiments 

Silicon  wafers  were  used  as  substrate  materials.  Silicon  has  near  zero  transmittance  at 
10.6  pm  radiation  at  temperatures  above  400  °C  and  a  normal  spectral  reflectance  of  about  0.2- 
0.25  when  doped  with  impurities  less  than  2xl019  cm'3  which  rises  to  about  0.7  when  doped  with 
impurities  of  about  7xl019  cm'3.16  Graphite  has  a  normal  spectral  reflectance  of  about  0.61  at  25 
°C  and  at  10.6  pm  radiation  and  an  estimated  normal  spectral  transmittance  of  about  0.9  under 
the  same  conditions,  based  on  trends  indicated  by  data 
taken  at  8  to  9  pm.17 

Figure  2  shows  a  cross  section  of  the  scanned 
data  file  which  represents  a  gear.  The  laser  scanned 
pattern  first  traces  the  contour  of  the  gear  and  then 
performs  both  a  x  and  a  y  axis  vector  fill  all  at  a  given 
laser  power  and  scan  speed  with  a  beam  spacing  of 
1.0x1  O'4  m  for  each  layer.  A  series  of  gears  were 
scanned  over  the  wafer,  usually  under  different 
combinations  of  scan  velocity  and  laser  power  holding 
other  parameters  constant.  A  typical  grouping  of 
spacings  used  is  shown  in  figure  3. 

Morphological  instability  refers  to  increasing 
topological  roughness  as  growth  rates  and  deposit 
thickness  increase.18,19,20,21  Several  tests  were  also  made 
to  determine  the  magnitude  of  the  development  of 
morphological  instability  as  the  number  of  scan  layers  is 
increased.  These  tests  were  initially  performed  using  the  initial  programmed  I/O  laser  scanning 

arrangement  and  demonstrated  its  inadequacy 
at  controlling  morphological  instability.  The 
silicon  wafer  experiments  were  performed 
with  a  substrate  bias  temperature  ranging 
from  400-800  °C  and  differing  methane  and 
hydrogen  flow  rates  that  result  in  a  mole 
fraction  of  methane  ranging  from  1.5  to  14 
percent  methane  in  hydrogen,  pressures 
ranging  from  66  Pa  to  50  kPa  (0.5-375  Torr), 
and  several  different  laser  powers,  Pi,  and 
scan  speeds,  v(,  that  covered  about  two 
orders  of  magnitude  of  laser  fluence,  Fi.  The 
laser  power  up  ramp  time  is  rs  and  the  laser 
power  down  ramp  time  is  re  where  negative 
values  indicate  a  laser  power  ramp  completes 
when  the  end  of  the  scan  curve  is  reached  and 
positive  values  mean  the  ramp  down  begins 
after  the  the  end  of  the  scan  curve  is  reached. 


Gear  Offsets; 
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Figure  3:  Typical  arrangement  of  gear  laser  scan 
patterns  on  silicon  substrate.  The  listed 
coordinates  are  offsets  entered  into  the 
process  control  program  and  are  in  meters. 


Figure  2:  Cross  section  of  a  solid 
model  of  a  the  gear  used  in 
the  heated  Si  wafer  SALD 
experiments. 
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Figure  4  is  an  SEM  is  an  outer  surface  of  a  cylindrical  deposit  that  was  used  prior  to  the 
development  of  the  gear  model.  It  illustrates  the  random  and  systematic  variations  in  deposition 
rate  that  are  attributed  to  the  programmed  I/O  laser  scanning  configuration. 


Figure  4:  SEM  of  a  laser  scanned  cylinder,  illustrating  the  random  and  systematic  variation  in  deposition  height  resulting  from  the  initial 
programmed  I/O  laser  scanning  configuration.  T,  =  700  °C,  14  seem  CH„,  100  seem  H2,  50  kPa  (375  Torr)  v,=  0  01  m/s  25 
laycis,  P,  =  40  W  (F,  =  2.2*  107  Ws  /m:).  r,  =  200  ps,  r.  =  0  ps. 

Figure  5  is  an  SEM  ot  a  typical  SALD  gear  and  shows  the  variation  of  deposit  thickness 
that  is  characteristic  of  the  laser  scan  pattern.  Note  the  bumps  on  the  beginning  and  end  of  each 
scan  line.  Figure  shows  a  center  of  a  SALD  gear  where  a  nearly  vertical  contour  deposit  edge 
occurs  with  cone  shaped  deposits.  The  vertical  wall  is  about  100  pm  high.  This  systematic 
deposition  irregularity,  combined  with  random  deposition  irregularities  which  partially  result  from 
the  effect  of  computer  interrupts,  accumulate  as  the  number  of  scan  layers  increases  and  can  result 
in  a  process  instability. 

A  dramatic  climax  to  the  development  of  this  instability  occured  during  of  the 
morphological  instability  study.  Six  gears  were  scanned  with  increasing  number  of  scan  layers 
from  25  to  300  under  otherwise  identical  conditions.  Five  of  the  gears  with  25-150  scan  layers 
appear  substantially  similar,  but  the  deposition  rate  of  the  sixth  gear  started  to  take  off  after  about 
190  layers,  preferentially  on  the  scan  line  end  points  and  on  rod  like  deposits  randomly  dispersed 
over  the  gear  surface.  Homogeneous  gas  phase  nucleation  took  over  and  a  sooty  deposit  formed 
The  rod  like  deposits  that  surrounded  the  contours  of  the  gear  grew  to  a  height  of  about  1  cm  in 
about  1-2  hours.  The  laser  coupling  into  deposit  the  improved  sufficiently  to  result  in  the  melting 
through  of  the  wafer. 

The  DMA  laser  scanning  configuration  eliminated  both  the  systematic  and  random 
variation  of  deposit  thickness  across  the  scanned  gear.  No  morphological  indication  of  the  scan 
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pattern  could  be  observed  by  SEM,  as  is  shown  in  figure  6  in  the  deposited  region  of  the  gear.  An 
example  of  the  smoothness  of  the  ends  of  the  scan  curve  is  shown  in  figure  7.  This  SEM  also 
shows  some  webbing  between  scan  lines  that  occurs  due  to  the  power  decay  associated  with  the 
time  constant  of  the  laser  (n  =  150  pis).  The  lasing  decay  results  in  deposition  as  the  beam  is 
steered  from  the  end  of  one  scan  line  to  the  beginning  of  the  next.  The  laser  power  during  this 
rapid  beam  steerage  is  a  function  of  its  power  during  the  curve  scan,  the  absolute  magnitude  of 
Te,  and  the  dwell  time  provided  after  each  scan  line  before  moving  the  beam  to  the  beginning  of 
the  next.  This  webbing  occurred  in  both  the  programmed  I/O  and  DMA  laser  scanning 
configurations.  The  decrease  in  the  beam  settling  window  size  made  as  part  of  the  analog  PID 
controller  modifications  for  implementation  of  the  DMA  method  facilitated  a  variable  dwell  time 
at  each  contour  end  point.  The  magnitude  of  this  dwell  time  was  increased  until  the  webbing 
disappeared.  Figure  8,  to  be  compared  with  figure  7,  shows  a  couple  of  gear  teeth  where  the 
webbing  is  almost  completely  eliminated. 

Additional  SALD  process  efficiency  will  occur  when  the  laser  spends  a  higher  fraction  of 
real  time  lasing.  The  new  DMA  scanning  method  currently  calculates  the  scan  and  laser  power 
arrays  between  every  scan  curve  when  the  laser  is  not  lasing.  This  time  may  be  significantly 
decreased  by  increasing  the  speed  of  the  processor  and  changing  from  16  bit  to  32  bit  protected 
mode  operation.  Process  efficiency  may  also  be  improved  using  a  double  buffer  configuration 
where  one  set  of  arrays  are  calculated  while  another  set  is  used  to  perform  a  scan.  The  laser  dwell 
time  spent  at  a  laser  scan  curve  endpoint  before  moving  to  the  beginning  of  the  next  curve  also 


Figure  5:  SEM  of  a  laser  scanned  gear  at  the  gear  hole,  illustrating  the  systematic  variation  in  deposition  height  that  results  from  the  initial 
programmed  I/O  laser  scanning  configuration.  The  deposit  rods  are  nearly  vertical  and  extend  about  100  um  above  the  substrate. 
T,  =  800  °C,  42  seem  CH„,  300  seem  H2,  10  kPa  (75  Torr),  v,=  0.025  m/s,  63  layers,  P,  =  40  W  (F,  =  1 ,2xl07  Ws  /m2),  r>  =  200 
ps,  r,  =  0  (is. 
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Figure  6:  SEM  of  a  laser  scanned  gear  using  rhe  DMA  laser  scanning  configuration.  No  visible  indication  can  be  observed  by  SEM  to 
indicate  the  laser  scanning  pattern  when  this  method  is  properly  implemented.  T,  =  700  °C,  9  seem  CH„,  300  seem  H2,  50  kPa  (375 
Torr),  v,=  0.025  m/s,  Pt  =  20  W  ( Fi  =  3x10s  Ws  /m2),  600  scan  layers,  r,  =  2000  us,  r,  =  -1000  ps. 

decreases  SALD  process  efficiency.  This  dwell  time  may  be  decreased  at  the  cost  of  at  least  fifty 
percent  of  the  laser  power  by  a  photo-acoustical  modulator.  Alternatively,  a  high  speed  shutter 
may  be  used  to  decrease  the  dwell  time  without  the  cost  of  laser  power  intrinsic  to  photo- 
acoustical  modulators. 

4.  Conclusions 

SALD  has  been  used  to  deposit  carbon  from  methane  and  hydrogen  mixtures  using  a  third 
generation  deposition  system.  Initial  systematic  and  random  morphological  instabilities  develop 
as  the  deposit  grows  thicker  are  attributed  inadequate  laser  scan  control  in  the  initial  programmed 
I/O  scanning  configuration.  A  new  DMA  based  laser  scan  configuration  was  designed, 
prototyped,  tested  and  refined  until  the  systematic  and  random  morphological  deposit  growth 
instabilities  ceased.  This  scanning  method  integrates  contour  scanning  with  both  a:  and  y  axis 
scanning  for  each  part  layer  with  real  time  laser  power  control.  This  method  is  applicable  to  other 
laser  material  processes  besides  SALD. 
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Figure  8:  SEM  of  a  laser  scanned  gear  using  the  DMA  laser  scanning  configuration.  T,  =  700  °C,  9  sccra  CRt,  300  seem  H2,  50  kPa  (375 
Torr),  v,=  0.025  m/s.  P,  =  20  W  (F,  =  3xl06  Ws  /m2),  50  scan  layers,  r,=  2000  ns,  r.  =  -1000  ns. 


Figure  7: 


SEM  of  a  laser  scanned  gear  using  the  DMA  laser  scanning  configuration.  T,  =  700  °C,  9  seem  CH4,  300  seem  Hj,  10  kPa  (75 
Torr).  v,=  0.025  m/s,  P,  =  20  W  (F,  =  3xl06Ws  /m2),  50  scan  layers,  r,=  2000us,  r,  =  -1000)as. 
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MEASUREMENT  AND  PREDICTION  OF  THE  THERMAL  CONDUCTIVITY 
OF  POWDERS  AT  HIGH  TEMPERATURES 


Samuel  Sumin  Sih  and  Joel  W.  Barlow 
Department  of  Chemical  Engineering 
The  University  of  Texas  at  Austin 
Austin,  Texas  78712 


Abstract 

An  equation  for  the  prediction  of  the  thermal  conductivity  of 
powder  beds  up  to  high  temperatures  is  suggested  by  the  authors. 
The  predicted  values  by  the  equation  are  compared  with  the  values 
of  the  thermal  conductivity  of  alumina  powder,  magnesia  powder 
and  zirconia  powder  reported  in  the  literature,  and  are  found  to  be 
consistent.  The  predicted  values  by  the  equation  are  also  compared 
with  the  measured  values  of  the  thermal  conductivity  of  calcium 
hydroxyapatite  powder,  at  various  temperatures,  up  to  500°C  by  the 
laser-heated  method. 


I.  Introduction 

The  temperatures  used  during  the  Selective  Laser  Sintering  process  are  ordinarily 
near  the  fusion  points  of  the  powders.  The  data  of  the  thermal  conductivities  of  powder 
beds  at  high  temperatures  are  therefore  of  importance  to  this  process.  For  the  prediction  of 
the  thermal  conductivity  of  powder  beds  up  to  high  temperatures,  a  number  of  equations 
are  found  in  the  literature.  The  present  authors  adopted  and  changed  a  model  (Zehner- 
Schlunder's  model)  [1],  checked  it  with  the  data  in  the  literature,  and  checked  with  the  data 
they  measured  by  the  laser-heated  method  [2,3].  They  found  the  consistency  of  the 
predicted  values  with  the  measured  values  to  be  within  ±30%  relative  error.. 

The  measurement  of  the  thermal  conductivities  of  hydroxyapatite  powder  bed  from 
room  temperature  up  to  500°C  was  done  by  the  use  of  the  laser-heated  method  by  the 
authors.  A  description  of  the  equipment  used  the  authors  to  collect  the  high  temperature 
data  of  the  thermal  conductivities  of  powder  beds,  including  diagrams  about  the 
construction  of  the  apparatus,  was  given  in  an  earlier  article  [2].  The  authors  have  also 
made  preparation  for  the  future  use  of  this  apparatus  for  the  measurement  of  the  thermal 
conductivities  of  powder  beds  in  vacuum  and  in  other  gaseous  environments. 


II.  Predictive  Model 

A.  The  Model  and  Its  Derivation.  There  are  some  equations  in  the  literature  for  the 
prediction  of  the  thermal  conductivity  of  powder  beds.  Besides  Yagi-Kunii's  equation  [4], 
Zehner-Schlunder's  equation  [1]  has  been  noticed  to  be  a  comparatively  good  one  [5]. 
Schliinder's  equation  [6]  considered  conduction  only.  Later,  with  the  cooperation  of 
Zehner,  Schotte's  equation  [7]  was  adopted  for  the  consideration  of  the  radiation  effect.  In 
the  derivation  of  Zehner-Schlunder's  equation,  the  present  authors  found  some  mistakes  in 
the  original  article  [1].  We  rederived  the  equations,  and  suggested  the  consideration  of  the 
radiation  by  the  direct  addition  of  the  Damkohler's  term  to  give 
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where, 

k  =  effective  thermal  conductivity  of  the  powder  bed,  W/m-K; 

kg  =  thermal  conductivity  of  the  gas  inside  the  pores  of  powder  bed,  W/m-K; 

ks  =  thermal  conductivity  of  the  skeletal  solid,  W/m-K; 

e  =  porosity  of  the  powder  bed; 

kR  =  thermal  conductivity  part  of  the  powder  bed  owing  to  radiation,  denoted  by  the 
Damktiler's  equation  below,  W/m-K; 

4>  =  flattened  surface  fraction  of  particle  in  contact  with  another  particle;  <j)  =0  when 

there  is  no  contact  for  the  particles;  <j )  =1  when  there  is  complete  particle 
contact;  and 

B  =  deformation  parameter  of  the  particle. 

In  the  heat  transfer  through  powder,  the  part  tranferred  by  the  free  fluid,  or 

diffusion  and  molecular  conduction,  is  1-Vl-e,  and  the  other  part,  or  Vl -e,  is  for 
conduction  through  solid  and  the  fluid  entrained  in  the  solid  particle  interstices.  The  right- 
hand  side  of  the  above  equation  is  separated  into  three  main  parts.  The  first  part  is  due  to 
the  thermal  transport  done  by  free  fluid,  including  the  conduction  part  and  the  radiation  part 
as  well.  The  second  and  third  parts  of  the  above  equation  are  for  the  heat  transfer  done  by 
the  solid  and  the  fluid  entrained  in  the  solid  particle  interstices.  The  second  part  of  the 
above  equation  is  for  incomplete  solid  contact,  including  heat  transfer  by  conduction  and 
radiation.  The  third  part  is  for  complete  solid  contact  by  the  conduction  of  heat  only.  Heat 
transfer  by  convection  is  not  considered  here. 

For  the  deformation  parameter,  B,  it  has  the  following  ralationship  to  the  cylindrical 
radius,  r,  and  the  z-coordinate  of  the  z-axis  in  the  cylindrical  coordinate  system. 


[B  -  (B  -  l)z]2 

We  may  see  that  when  B=0,  it  is  the  z-axis;  when  B=l,  the  particle  surface  is  that  of  a 
sphere;  and,  when  B-»°°,  r2  =  1,  or  it  is  a  cylinder.  So,  for  B<1,  it  is  a  prolonged 
needle,  and  for  B>1,  it  is  a  barrel-like  body. 

The  kR  term,  or  thermal  conductivity  part  of  the  powder  bed  owing  to  radiation,  is 
calculated  by  the  Damkoler's  equation  [8].  For  the  prediction  of  the  thermal  conductivity 
of  powder  beds  at  high  temperatures,  the  heat  transfer  effect  due  to  radiation  should  be 
considered.  Damkohler  [8]  first  proposed  the  following  simple  relationship  to  account  for 
the  radiation  effect  of  heat  transfer  through  a  powder  bed. 

kR  AT  =  ^sdPea(Tb4  -  T)4)  =  ^sdPea(Tb2  +  Ti2)(Tb  +  Ti)(Tb  -  Ti)  (3) 


kR  =  £sdPec7(Tb2  +  Ti2)(Tb  +  Ti)  -  4£sdPecrTb3 
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where, 

kR  =  the  thermal  conductivity  contributed  by  radiation,  W/m-K, 

^  =  the  area  fraction  occupied  by  the  canals  for  the  radiation  per  total  unit  area, 
s  =  a  numerical  factor  of  about  1, 
dp  =  the  diameter  of  the  powder  particle  m, 
e  =  emissivity, 

a  =  Stefan-Boltzmann  constant  =  5.67xl0'8  W/m2-K4, 

Tb  =  the  temperature  of  the  powder  bed,  and 

Ti  =  the  temperature  of  the  surrounding,  assumed  to  be  near  to  Tb 

Damkohler  suggested  that  H,s  might  take  the  value  of  0.3,  but  he  also  mentioned 
that  for  definite  powder  beds,  one  might  just  measure  £s.  In  an  example  in  his  writing, 
Damkohler  put  ^se  =  1/3. 

B.  Comparison  of  the  Predicted  Values  bv  the  Proposed  Equation  with  the  Measured.  Data 
Reported  in  the  Literature.  We  found  in  the  Landolt-Bornstein:  Numerical  Data  and 
Functional  Relationships  in  Science  and  Technology  [9]  some  high  temperature  data  of  the 
thermal  conductivity  of  powder  beds.  The  numerical  data  were  for  alumina  (AI2O3) 
powder,  magnesia  (MgO)  powder,  and  Zirconia  (Zr02)  powder,  and  they  included  the 
temperature,  porosity  and  the  particle  diameter  in  the  data  as  well.  We  also  found  the 
thermal  conductivity  of  the  alumina,  magnesia  and  zirconia  in  solid  form  at  the  various 
temperatures  (some  by  interpolations).  In  calculating,  we  found  the  predicted  values  and 
the  reported  values  in  the  literature  match  in  the  range  of  differences  of  ±30%, .  It  has  been 
noted  that  the  predicted  values  of  the  thermal  conductivity  of  the  powder  bed  (e.g.  alumina 

powder,  £  =  0.71)  by  our  equation  is  much  better  than  by  Yagi-Kunii's  equation,  and  also 
a  little  better  than  by  Zehner-Schliinder's  equation.  The  following  is  a  graph  showing  the 
result. 


Comparison  of  k  of  alumina  powder  by  measurement. 


Figure  1.  Comparison  of  k  of  alumina  powder  (e=0.71)  (reported)  with  the 
predicted  values  by  the  authors'  equation  and  Yagi-Kunii's  equation. 
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The  following  are  the  graphs  showing  the  comparisons  of  the  predicted  values  with 
the  reported  values  of  the  thermal  conductivity  of  the  various  powder  (alumina,  magnesia, 
and  zirconia)  beds. 


k(calculated)/kg  compared  with  k(measured)/kg, 

alumina  powder,  e=0.71;  0.632;  0.572; 


Alumina  powder  k(calculated)/kg 


Figure  2.  The  comparison  of  the  predicted  values  (calculated  values)  with  the 
reported  values  (measured  values)  of  alumina  powder  beds  of  various  porosities  (e). 


k(calculated)/kg  compared  with  k(measured)/kg, 
MgO  powder,  e=0.57;  0.525;  0.42 


1  y  10 

MgO  powder  k(calculated)/kg 


Figure  3.  The  comparison  of  the  predicted  values  (calculated  values)  with  the 
reported  values  (measured  values)  of  magnesia  powder  beds  of  various  porosities  (e). 
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Figure  4.  The  comparison  of  the  predicted  values  (calculated  values)  with  the 
reported  values  (measured  values)  of  magnesia  powder  beds  of  various  porosities  (£). 

in.  Comparison  of  the  Model  with  Experimental  Data  for  Hydroxyapatite 

The  authors  measured  the  thermal  conductivity  of  hydroxyapatite  powder  from 
room  temperature  up  to  500°C,  by  the  laser-heated  method.  To  obtain  the  k  of  a  powder 
bed  by  the  apparatus  used  by  the  authors,  one  must  know  first  the  heat  capacity  of  the 
powder  as  the  measurements  by  the  apparatus  only  give  the  thermal  diffusivities  at  the 
various  temperatures.  In  literature,  we  found  only  few  references  on  the  heat  capacities  of 
hydroxyapatite.  [10, 1 1, 12]  In  all  the  cases  in  the  literature,  hydroxyapatite  samples  were 
preheated  to  around  1000°C  for  long  hours.  Thus,  as  Kijima  and  Tsutsumi  [10]  conceded 
that  the  samples  that  they  tested  were  actually  oxyhydroxyapatite.  We  used  the  Differential 
Scanning  Calorimeter  (Perkin-Elmer  DSC-7)  for  the  measurement  of  the  heat  capacities  of 
the  hydroxyapatite  powder  (Monsanto  Company),  starting  from  room  temperature  and 
ending  at  500°C,  with  slow  speed  for  the  increase  of  temperature.  The  result  of  our 
measurement  of  the  heat  capacity  of  hydroxyapatite  is  shown  in  the  following  graph. 


Figure  5.  Graph  of  Cp  of  hydroxyapatite  vs.  temperature,  2  heating  cycles 
compared 
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As  the  hydroxyapatite  powder  (Monsanto  Company)  contained  a  definite  amount  of 
water  moisture,  it  may  be  seen  that  around  100°C  that  was  an  increase  of  heat  capacity. 
The  second  curve  in  the  above  graph  shows  the  measured  Cp  vs.  temperature  curve  of  the 
hydroxyapatite  powder  which  went  through  a  heating  cycle  from  room  temperature  to 
500 °C  once  and  cooled  down  again  to  room  temperature  to  start  for  another  cycle  of  the 
measurement.  In  heating  the  powders  repeatedly  at  high  temperatures,  we  found  for  the 
second  cycle  the  heat  capacities  of  the  powders  are  lowered  and  the  curve  became 
smoother,  with  no  peak  value  around  100°C.  This  was  probably  owing  to  the  loss  of  water 
and  change  in  the  chemical  structure  of  hydroxyapatite. 

The  density  of  the  sample  powder  bed  that  we  used  for  the  measurement  is  0.4004 


gm/cm3.  From  the  relationship  of  k  =  pxCpxa  ,  by  measuring  the  thermal  diffusivity,  a, 
we  obtained  the  thermal  conductivity  of  the  hydroxyapatite  powder  bed  vs.  temperature, 
from  room  temperature  up  to  500°C  in  10°C  increments,  which  is  shown  in  Figure  6 
below.  (Cp  of  the  first  cycle  was  used  in  the  calculations.) 

k  of  Hydroxyapatite  Powder  Bed  vs. 
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Figure  6.  k  of  hydroxyapatite  powder  bed  vs.  temperature,  from  0°-500°C 


For  the  application  of  the  above  equation  to  the  hydroxyapatite  powder  bed,  we  use 
the  following  relationship  for  the  calculation  of  the  thermal  conductivity  of  air,kg-  inside  the 
pores  of  the  powder  at  the  various  temperatures. 


kg  =  (0.0000586 +0.00000017639T)x418.4  W/m-K  (5) 

In  the  above  equation,  T  is  the  temperature  in  °C.  This  equation  was  taken  from  the 
Chemical  Engineers'  Handbook.  [13] 

For  the  value  of  ks,  the  thermal  diffusivity  vs  temperature  graph  of  Tsuyoshi 
Kijima  and  Masayuki  Tsutsumi  [10]  is  referred  to  by  the  present  authors.  Kijima  and 
Tsutsumi  heated  hydroxyapatite  using  the  range  of  1050°-1450°C,  with  each  sample  heated 
for  3  hours.  They  found  that  the  thermal  diffusivity  vs.  temperature  curves  for  the  different 
sample  nearly  fell  into  coincidence.  The  Figure  8  of  their  article  is  reproduced  below  for 
reference. 
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Figure  7.  Thermal  diffusivity  vs.  temperature  for  hydroxyapatite  [10]  sintered  at 
1050°  (sample  S-1,D),  1100°  (sample  S-2,  •),  and  1150°C  (sample  S-3,  O). 

We  assume  that  hydroxyapatite  heated  up  to  500°C  would  also  have  its  diffusivity 
vs.  temperature  curve  of  about  the  same  form.  With  the  use  of  Cp  vs.  temperature  curve  of 
our  own  measurement  (Figure  5  of  this  article,  1st  cycle)  again,  and  the  average  solid 

density  of  hydroxyapatite  of  2.4625  gm/cm3,  from  the  relationship  of  ks  =  psxCpxa  , 


we  calculated  the  ks  vs.  temperature  values  for  solid  hydroxyapatite.  We  presumedd  e  to 
be  0.8374  from  knowledge  of  the  bulk  and  solid  densities  of  hydroxyapatite. 

We  have  for  porosity,  e. 


p„-pb_  2.4625-0.4004 
ps  2.4625 


=  0.8374. 


In  the  above  equation,  pb  is  the  bulk  density  of  the  powder  bed. 

As  the  melting  point  of  hydroxyapatite  is  well  above  1000°C,  the  deformation 
parameter,  B,  is  assumed  to  be  1,  i.e.  the  particle  are  all  spherical;  and  the  flattened  surface 

fraction,  <|),  is  taken  to  be  zero,  i.e.  there  is  no  flattened  surfaces.. 


Following  Damkohler's  suggestion  [8],  we  assumed  ^se  =  0.3,  as  we  have  not  yet 


measured  emissivity  values  to  calculate  the  £s.  For  the  particle  size,  dp,  we  got  a  size 
distribution  report  of  the  hydroxyapatite  powder  from  Monsanto  Company,  the  producer  of 
the  powder.  As  radiation  is  related  to  a  surface  area  controlling  phenomenon,  we  calculated 
the  mean  diameter  of  the  particle  by  an  equation  according  to  die  following  [14]. 


dP  —  D20  — 


ENiDiz  y/a 
IN;  ) 


(6) 


Through  calculation,  we  got  the  dp=  15.091  (im. 

In  substituting  the  above  values  into  our  proposed  equation,  we  found  the  equation 
gives  predicted  values  for  the  thermal  conductivity  of  the  powder  bed  quite  well.  The 
following  graph  shows  the  nearness  of  the  predicted  values  by  the  equation  to  the  measured 
values  of  the  k  of  the  powder  bed.  The  Yagi-Kunii's  equation  for  the  case  of  the 
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hydroxyapatite  powder  bed  is  shown  on  the  same  graph.  It  may  be  seen  that  the  proposed 
equation  or  ours  gives  much  better  predictions  than  the  Yagi-Kunii’s  equation.  The 
proposed  equation  of  ours  gives  also  a  little  better  predictions  than  the  Zehner-Schliinder's 
equation. 


k,  hydroxyapatite  powder,  compared  with 

Equation  [1]  &  Yagi-Kunii's  Eqn. 


Figure  8.  The  measured  data  of  the  thermal  conductivity  of  hydroxyapatite  powder 
bed  compared  with  the  predicted  valued  of  the  proposed  equation  of  the  authors  and  the 
Yagi-Kunii's  equation. 

In  the  following  graph,  the  measured  values  of  k/kg  are  compared  with  the  values 
predicted  by  Equation  [1],  It  may  be  seen  that  the  predicted  values  and  the  measured  values 
match  one  another  quite  well. 


k(calculated)/kg  compared  with  k(measured)/kg, 
hydroxyapatite  powder,  £=0.8374 


k(calculated)/kg 


Figure  9.  k(calculated)/kg  compared  with  k(measured)/kg  for  the  hydroxyapatite 
powder  bed. 
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IV.  Conclusion 

We  used  a  new  equation  to  predict  the  thermal  conductivity  of  powder  beds  from 
room  temperature  up  to  high  temperatures.  The  new  equation  proved  to  be  predicting  the 
thermal  conductivity  of  powder  beds  to  within  ±30%  of  the  values  reported  in  literature  and 
the  measured  values  of  the  thermal  conductivity  of  hydroxyapatite  powder  from  room 
temperature  up  to  500°C. 
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Abstract 

Alumina  powders  of  15pm  size  and  2pm  size  were  processed  by  SLS  using  PMMA  and  a 
copolymer.  The  2pm  powders  were  agglomerated  and  mixed  with  the  polymer  powder  before 
being  processed  by  SLS.  SLS  bend  strength  specimens  were  made  with  parts  built  along 
different  orientations.  The  variation  of  the  strength  with  incident  energy  density  and  with 
orientation  was  studied 


Introduction 

Selective  Laser  Sintering  (SLS)  of  ceramics  is  very  challenging  because  of  the  high 
melting  points  of  the  ceramics.  In  SLS  one  of  the  operating  parameters,  the  energy  density  is 
defined  as  the  amount  of  laser  energy  input  per  unit  area1  in  each  layer.  In  the  case  of  alumina 
to  form  lines  of  sintered  material  energy  densities  of  the  order  of  1000  cal/cm2  is  required.  Even 
at  this  high  energy  densities  the  parts  formed  do  not  hold  together  because  of  the  huge  thermal 
gradients.  One  solution  is  to  use  a  low  melting  temperature  second  phase  material  which  will 
melt  under  the  laser  and  bond  the  particles  together.  This  second  phase  may  be  inorganic2-3’4  or 
organic5-6.  This  paper  describes  some  of  the  SLS  experiments  of  alumina  with  organic  binder. 
This  paper  focuses  on  the  variation  of  properties  of  the  green  shapes  with  processing  parameters 
including  the  orientation  of  scanning  in  the  SLS  process. 

Experiments 

Two  kinds  of  alumina  powder  were  investigated  in  this  study.  They  were  i)  2pm  powder 
from  Golden  Technologies  and  ii)  15pm  powder  from  Norton  Corp.  SLS  of  2pm  as  received 
powder  was  unsuccessful  using  a  polymer  binder  even  at  compositions  of  35  Vol  %  polymer.  In 
an  attempt  to  overcome  this  problem  it  was  decided  to  agglomerate  the  particles.  Through  a 
series  of  experiments  of  heating  to  various  temperatures  for  varied  lengths  of  time  it  was  decided 
that  1400C  for  3hrs  would  give  a  desirable  agglomeration.  The  2pm  powders  were  heated  in  a 
kiln  to  1400C  in  12  hrs  at  a  constant  heating  rate  and  held  at  1400C  for  3hrs.  The  powder  was 
also  cooled  down  in  about  12hrs.  This  produced  agglomerates  of  an  average  size  of  100pm.  The 
flow  diagram  is  shown  in  Fig.  1 . 

The  organic  binders  used  were  i)  PMMA  and  ii)  a  copolymer,  Polyfmethylmethacrylate- 
co-butyl  methacrylate]  (80  mol%MMA/20  mol%BMA).  The  preparation  of  these  polymers  is 
explained  elsewhere7.  The  PMMA  had  a  melt  index  of  31.5g/10  min  and  the  copolymer  had  a 
melt  index  of  11.6g/10min  as  measured  following  ASTM  D1238  at  200C  with  an  extrusion 
pressure  of  0.52  MPa  (75psi). 
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Figure  1.  Processing  of  2jim  Alumina  powder 


Build 

Direction 


Figure  2.  Orientations  used  in  building  the  bend  strength  specimens.  i:build  along 
thickness,  scanning  along  width  ;  ii:  build  along  thickness  scan  along  length;  iii:  build 
along  width  with  scanning  along  length;  iv:  build  along  width,  scan  along  thickness 


The  15pm  alumina  powders  were  spray  dried  with  the  copolymer  in  a  Anhydro  spray 
drier  with  inlet  temperature  of  200C  and  outlet  temperature  of  80C.  The  agglomerates  of  2|im 
alumina  were  mixed  with  the  polymer  powder  obtained  by  spray  drying  the  polymer  emulsion. 

Two  mixtures  were  made,  i)  the  agglomerates  of  2pm  alumina  mixed  with  the  spray-dried 
PMMA  powder  and  ii)the  agglomerates  of  2pm  alumina  mixed  with  the  spray-dried  copolymer 
powder.  The  spray-dried  and  mixed  powders  were  then  SLS  processed. 

The  layer  thickness  was  kept  constant  at  175pm.  The  laser  scanning  speed  and  laser 
scan  line  spacing  were  varied  along  with  the  power  of  the  laser  to  change  the  incident  laser 
energy  density.  The  scan  line  spacing  was  varied  between  75pm  and  125  pm  and  the  scan  speed 
was  varied  from  30cni/s  to  150  cm/s.  The  laser  power  was  varied  between  6  and  14W.  The 
energy  density  was  varied  between  2  cals/cm2  and  8  cals/cm2.  Three  point  bend  strength 
specimens  0.076mx0.025mx0.00625m  (3"xl"x0.25")  were  made  by  SLS.  The  specimens  were 
made  in  4  orientations  i)  built  along  thickness  with  scanning  parallel  to  width  ii)  built  along 
thickness  with  scanning  parallel  to  length,  iii)  built  along  width  with  scanning  parallel  to 
thickness  and  iv)built  along  width  with  scanning  parallel  to  length  as  shown  in  Fig. 2. 

Results  and  Discussion 

SLS  of  parts  from  both  the  spray-dried  and  mixed  powders  produced  strong  green  parts. 
For  the  case  of  the  spray-dried  15pm  powder  built  along  thickness  with  scanning  parallel  to 
width,  condition  (i),  the  variation  of  density  with  incident  energy  density  is  as  shown  in  Fig. 3. 
The  density  varies  little  with  incident  energy  density.  The  variation  of  bend  strength  of  the  green 
parts  with  incident  energy  density  is  shown  in  Fig. 4.  It  may  be  seen  that  the  green  strength 
increases  initially  with  energy  density  because  of  better  melting  and  wetting  of  the  alumina  by 
the  molten  polymer.  At  still  higher  energy  densities  the  strength  decreases  due  to  decomposition 
of  the  polymer. 

Scanning  along  the  length  while  building  along  thickness,  condition  (ii)  produces  a  lower 
green  strength  at  lower  energy  densities  than  those  scanned  along  width  and  built  along 
thickness,  condition  (i).  This  anisotropy  is  due  to  the  region  scanned  by  the  laser  having  longer 
time  for  heat  transfer  between  two  consecutive  scans  for  condition  (ii).  At  higher  energy 
densities  i.e.,  around  6cals/cm2  the  strength  of  the  samples  made  by  scanning  along  length  has  a 
higher  strength  due  to  degradation  of  polymer  for  condition  (i).  Even  in  the  case  of  scanning 
along  length  we  have  a  decrease  in  strength  at  higher  energy  densities.  But  this  decrease  occurs 
at  still  higher  energy  densities. 

With  increase  in  energy  density,  higher  temperatures  are  reached  in  the  sample  being 
made.  As  temperature  increases  well  above  the  glass  transition  temperature,  the  degradation  of 
the  polymer  increases.  Temperatures  in  the  decomposition  regime  are  attained  at  lower  energy 
densities  in  the  case  of  samples  with  shorter  scan  lines  because  the  time  between  successive  scan 
overlays  is  smaller.  In  the  case  of  samples  made  with  longer  scan  lines  the  temperatures  in  the 
decomposition  regime  are  attained  only  at  a  higher  energy  density  because  there  is  some  time  for 
the  heat  to  be  dissociated  between  successive  scan  overlays. 

In  the  case  of  parts  built  along  width  with  scanning  parallel  to  thickness,  condition  (iv), 
the  green  strength  increases  with  energy  density  at  low  energy  densities,  Fig. 5.  At  higher  energy 


332 


Strength  (psi) 


1.5 

1.4 

'o' 

f  \ 

W 

"oJD 

1.3 

*33 

C 

o 

Q 

1.2 

1.1 

1.0 

- 

COIi 

dition  i 

- 

- 

0 

- 

8  o  8  e 

o  3 

0 

o 

- 

i  i  i  i 

1  1  J  1 _ 

_ 1 _ 1 _ 1 _ 1 _ 

i  i _ 1 _ 1 _ 

_i _ i _ i _ i _ 

[234 

1  5  6 

45.85 


42.79 


36.67 


30.55 


Energy  density  (cal/cm2) 


Figure  3.  Green  density  of  samples  after  SLS  from  15pm  alumina  coated  with  copolymer. 


Figure  4.  Bend  strength  of  samples  from  15jim  alumina  coated  with  copolymer  built  along 
thickness.  ooo 
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Figure  5.  Strength  of  samples  from  15|im  alumina  coated  with  copolymer  built  along 
width. 


Figure  6.  Strength  of  samples  from  agglomerated  2pm  alumina  mixed  with  PMMA  built 
along  thickness.  334 


densities  the  strength  decreases  for  reasons  stated  before.  Once  again  it  may  be  seen  that  when 
the  scan  lines  are  longer  the  green  strength  obtained  at  lower  energy  densities  is  lower.  Again 
the  peak  in  the  strength  vs.  energy  density  plot  occurs  at  a  higher  energy  density  for  the  parts 
made  with  longer  scanlines. 


SLS  of  agglomerated  2  pm  alumina  mixed  with  30  V%  PMMA. 

Specimens  for  bend-strength  were  made  from  this  mixture  in  the  four  orientations 
described  above.  For  specimens  built  along  thickness,  conditions  (i)  and  (ii),  Fig.6  it  may  be 
seen  that  the  maximum  strength  is  higher  than  that  obtained  for  the  15pm  alumina  spray-dried 
with  copolymer.  This  is  due  to  the  fact  that  the  alumina  agglomerates  are  much  larger  than  15pm 
and  hence  have  a  lower  surface  area  to  be  wet  by  the  polymer.  The  polymer  content  is  also 
slightly  higher.  The  variation  of  green  strength  with  energy  density  follows  similar  trend  as  in 
the  previous  case  with  the  strength  increasing  with  energy  density  at  lower  energy  densities.  The 
peak  in  the  strength  vs.  energy  density  plots  occurs  at  a  higher  value  of  the  energy  density  for  the 
parts  made  with  longer  scan  lines. 

When  specimens  were  built  along  the  width  at  low  energy  densities  the  parts  made  with 
shorter  scan  lines,  condition  (iv)  had  higher  green  strength,  Fig.7.  A  slight  increase  in  density 
with  increase  in  energy  density  may  also  be  observed.  Fig. 8. 

SLS  of  the  mixture  of  agglomerates  of  2  pm  alumina  with  20  V%  copolymer. 

Specimens  for  bend  strength  measurement  were  made  from  this  mixture  by  building  only 
along  the  thickness  direction.  Three  different  scanning  methods  were  employed.  They  were  i) 
scanning  along  width,  ii)  scanning  along  length  and  iii)  scanning  alternate  layers  in  length  and 
width.  The  density  increases  slightly  with  increase  in  energy  density,  Fig.9.  Scanning  along  the 
length  produces  samples  of  lower  density  compared  to  the  other  two  modes  at  lower  energy 
densities.  In  this  case  also  it  may  be  seen  (Fig.  10)  that  the  strengths  are  lower  for  scanning  along 
the  length  at  low  energy  densities,  as  described  earlier.  The  case  of  mixed  (alternate)  scanning 
results  in  samples  of  strength  intermediate  between  the  two  other  modes.  This  is  to  be  expected 
since  alternate  layers  will  have  higher  and  lower  strengths  corresponding  to  scanning  in  the  other 
two  modes. 


Summary 

Successful  SLS  was  done  on  2pm  alumina  particles  by  agglomerating  the  powders  and 
mixing  with  polymer  powder  prior  to  Laser  Sintering.  Samples  were  built  in  different 
orientations  in  the  SLS  process.  In  all  cases  the  samples  that  were  built  using  shorter  scan  lines 
had  a  higher  strength  at  lower  energy  densities.  For  both  longer  and  shorter  scan  lines  the  green 
strength  increases  initially  with  increase  in  energy  density,  attains  a  peak  and  then  starts 
decreasing  with  further  increase  in  energy  density  due  to  polymer  degradation.  The  peak  in  the 
case  of  samples  built  with  longer  scan  lines  occurs  at  a  higher  value  of  the  energy  density  due  to 
lower  temperatures  reached  under  those  conditions. 
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Rgure  7.  Strength  of  samples  from  agglomerated  2pm  alumina  mixed  with  PMMA  built 
along  width. 
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Figure  9.  Density  of  samples  from  agglomerated  2|im  alumina  mixed  with  copolymer  built 
along  thickness. 
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Figure  10.  Strength  of  samples  from  agglomerated  2|im  alumina  mixed  with  copolymer 
built  along  thickness. 
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Abstract 

The  selection  of  an  optimum  composite  system  for  selective  laser  sintering  (SLS)  is  based  on 
materials  properties  such  as  the  melting  point  and  the  wettability  between  the  components  in  the 
composite  powder.  The  alumina-boron  oxide  composite  system  is  attractive  for  SLS  because  the 
presence  of  the  low  melting  component  B2O3  (melting  point  450°  C)  can  enhance  sintering.  A 
better  wetting  of  solid  alumina  powder  by  molten  boron  oxide  can  also  aid  densification  process. 
The  alumina-boron  oxide  composite  system  has  been  investigated  by  SLS  and  selective  laser 
reactive  sintering  (SLRS).  The  role  of  boron  oxide  content  as  a  binder,  laser  power  density,  and 
secondary  heat  treatment  on  the  microstructure  and  mechanical  properties  is  discussed. 

Introduction 

Solid  freeform  fabrication  (SFF)  techniques  have  recently  been  developed  to  overcome  some 
of  the  barriers  of  conventional  manufacturing  techniques,  such  as  difficulties  in  tooling  complex¬ 
shaped  ceramic  parts  and  long  production  time  in  fabricating  prototypes  [1].  Selective  laser 
sintering  (SLS)  is  a  form  of  SFF  technique  and  employs  a  focused  laser  beam  which  is  controlled 
by  a  CAD  data  base  to  selectively  scan  the  powder  bed  surface  and  bind  the  loose  powder  [2]. 

The  two-phase  powder  approach  to  SLS,  which  involves  binding  high  temperature  ceramics 
such  as  alumina  and  silicon  carbide  with  a  low  melting  inorganic  binder,  is  a  promising  technology 
to  fabricate  ceramic  composite  parts  [3,4,5].  The  selection  of  an  optimum  materials  system  for  this 
approach  depends  on  materials  properties  such  as  the  melting  point  of  the  binder  material  and 
interparticle  wetting  between  the  components  in  the  composite  powder  [6]. 

It  is  known  that  the  role  of  boron  oxide  in  borosilicate  glasses  is  to  reduce  the  thermal 
expansion  coefficient  and  to  improve  workability  by  decreasing  the  viscosity  [7].  The  low 
viscosity  of  boron  oxide  is  attributed  to  its  linked  ring  structure,  since  there  is  a  high  probability 
that  the  bonds  between  rings  are  more  susceptible  to  failure  than  the  bonds  within  the  rings  [8]. 

The  selection  of  the  system  AI2Q3-B2O3  for  SLS  provides  an  advantage  in  densification.  Boron 
oxide  has  a  low  melting  point  (450°  C)  and  the  liquid  generated  due  to  the  local  melting  of  B2O3 
powder  during  laser  beam  irradiation  can  aid  the  sintering  process.  In  addition,  the  molten  boron 
oxide  completely  envelops  the  neighboring  solid  alumina  particles  due  to  its  low  viscosity  and 
better  wetting. 


Materials  and  Experimental  Procedure 

High  purity,  electronic  grade  15pm,  aluminum  oxide  powder  provided  by  Lanxide  Corporation 
and  a  60  mesh  99%  boron  oxide  powder  from  Johnson  Mathey  are  the  starting  materials. 

Fig.  1  shows  the  overall  steps  associated  with  SLS  process  and  material  characterization.  The 

initial  boron  oxide  powder  of  250pm  was  ground  by  a  Szegvari  attritor  system  and  sieved  to  less 

than  75p.m.  Alumina  and  boron  oxide  powder  blends  in  various  ratios  by  weight  were  baked  out 
in  a  vacuum  oven  at  120°  C  for  30  hours.  Pre-thermal  treatment  caused  the  powder  blends  to  form 
weak  powder  cakes,  which  were  subsequently  broken  and  sieved.  Baked-out  powder  blends  were 
immediately  sintered  in  a  SLS  system  of  the  University  of  Texas  at  Austin.  Test  specimens  with 


339 


Figure  1.  Flow  chart  for  selective  laser  sintering  of  alumina-boron  oxide  composites 

dimension  of  I"x3"x0.25"  were  fabricated  in  an  inert  nitrogen  environment  using  the  operational 
parameters  listed  in  Table  I. 


Table  I.  SLS  operational  parameters 


Laser  Power 
(W) 

Bed  Temperature 
(°C) 

Scan  Spacing 
(mils) 

Layer  Thickness 
(mils) 

Scan  Speed 
(inch/sec) 

14-16.5 

80-100 

5 

8 

12.5-47 

The  strength  of  green  and  samples  fired  at  various  temperatures  for  6  hours  was  determined  by 
3-point  bend  test  using  a  Instron  constant  displacement  rate  machine.  Density  was  obtained  by 
direct  measurement  of  dimension  and  mass.  Identification  of  phases  and  microstructural  evolution 
at  every  step  of  processing  was  carried  out  by  x-ray  diffraction  analysis  and  SEM. 

Results  and  Discussion 

Fig.  2  shows  the  phase  transformation  of  the  initial  boron  oxide  upon  reaction  with  atmospheric 
water.  The  as  received  boron  oxide  is  amorphous.  It  reacts  with  moisture  in  air  and  transforms 
into  boric  acid  (H3BO3)  very  quickly.  As  a  result,  without  baking  out  before  laser  sintering,  the 
starting  powder  blend  for  laser  sintering  is  a  mixture  of  alumina,  amorphous  boron  oxide  and  boric 
acid.  Because  boric  acid  has  much  lower  melting  point  (170°C)  than  boron  oxide  (450°C),  it 
causes  a  weak  bed  cake  through  the  whole  powder  bed  during  SLS  process  with  bed  heating 
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(c)  after  baking  out  in  a  vacuum  oven 
at  120°C  for  13  hours 


(d)  after  baking  out  in  a  vacuum  oven 
at  120°C  for  30  hours 


Figure  2.  X-ray  diffraction  analysis  showing  phase  transformation  of  the  initial  boron  oxide 
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around  80°C.  The  cake  paralyzes  the  powder  delivery  and  leveling  system.  Without  employing 
bed  heating  system,  it  was  possible  to  avoid  the  bed  caking.  However,  curling  of  the  previously 
sintered  layers  takes  place,  making  powder  leveling  difficult  due  to  the  displacement  of  those 
layers. 

In  order  to  overcome  bed  caking  and  curling  of  sintered  layers,  the  boric  acid  in  the  initial 
powder  blend  must  be  removed.  Dehydration  of  boric  acid  gives  different  forms  of  metaboric  acid 
HBO2  or  boron  oxide  B2O3  depending  on  the  temperature.  Table  II  shows  the  physical  properties 
of  various  forms  of  metaboric  acid  HBO2  [7]. 


Table  II  Physical  properties  of  crystalline  metaboric  acid  HBQ2 


CN*  of  B 

Density 

Melting  Point 

(g/cm3) 

(°C) 

Orthorhombic 

3 

1.784 

176 

Monoclinic 

3  and  4 

2.045 

201 

Cubic 

4 

2.487 

236 

Careful  dehydration  of  boric  acid  at  120°C  in  a  rough  vacuum  oven  for  30  hours  and  slow 
quenching  after  bake-out  yields  monoclinic  metaboric  acid  HBO2  whose  melting  point  is  201  °C. 
Orthorhombic  HBO2  can  be  generated  after  13  hours  of  heat  treatment  under  the  same  conditions. 
It  is  found  that  monoclinic  HBO2  avoids  the  bed  caking  phenomenon  with  powder  bed  heating  at 
80°C  and  reduces  the  curling  problem  significantly  during  SLS  process. 

Fig.  3  shows  the  effect  of  the  binder  content  on  bend  strength  of  both  green  and  fired  (at  900°C 
for  6  hours)  composites.  The  bend  strength  of  the  composites  increases  as  the  binder  content 
increases  since  all  the  ceramic  interparticle  bonds  that  provide  the  strength  of  the  composites 
originate  from  the  melting  of  the  binder  and  the  coating  of  ceramic  (alumina)  particles  during  laser 
beam  irradiation. 

The  effect  of  laser  power  density  on  bend  strength  is  also  shown  in  Fig.  3.  Power  density  is 
defined  as  laser  power  /  (scan  spacing  x  scan  speed)  [9],  At  lower  power  density,  the  green 
composites  show  poor  strength  due  to  insufficient  melting  and  flowing  of  the  binder  compared  to 
at  higher  power  density  where  molten  binder  coats  the  ceramic  particles  completely  as  revealed  by 
SEM.  Similarly,  the  bend  strength  of  fired  parts  fabricated  with  25  and  20  wt.%  boron  oxide 
powder  blends  is  proportional  to  the  power  density.  Because  at  higher  power  density,  the  laser 
beam  locally  melts  the  binder  sufficiently,  the  binder  flows  and  encapsulates  more  ceramic  particles 
than  at  lower  power  density  as  revealed  by  SEM.  As  a  result,  the  green  and  fired  density  increases 
as  the  power  density  increases.  Therefore,  at  higher  power  density,  the  fired  composites  show 
higher  strength  due  to  a  higher  density  (Fig.4).  However,  bend  strength  of  fired  test  bars  made 
with  15  wt.%  boron  oxide  is  independent  of  power  density.  For  this  system,  it  was  required  that 
the  process  be  done  at  higher  bed  temperature  (100°C)  and  at  higher  power  density  in  order  to  melt 
the  small  amount  of  the  binder  completely  and  bind  ceramic  particles  together.  Consequently,  there 
might  be  a  threshold  power  density  to  melt  the  whole  binder  thoroughly  and  fabricate  green  parts 
which  can  keep  the  shape.  Above  this  value,  the  strength  of  the  fired  parts  will  almost  be 
independent  of  power  density  since  there  is  no  more  additional  binder  which  will  coat  the  ceramic 
particles. 

Fig.  5  illustrates  the  effect  of  firing  temperature  on  the  mechanical  properties  of  parts  fabricated 
with  25  wt.%  boron  oxide  powder  blends.  At  intermediate  firing  temperatures  at  around  800- 
1100°C,  the  test  bars  show  higher  bend  strength  due  to  the  formation  of  aluminum  borate 
(2Al203-B203 )  at  the  surface  of  the  alumina  particles  by  the  reaction  of  alumina  and  boron  oxide  at 
around  800°  C.  According  to  X-ray  diffraction  analysis  (Fig.  6),  the  amount  of  2AI2O3  B2O3 
increases  relative  to  that  of  alumina  as  the  firing  temperature  increases  up  to  1 100°C.  At  1200°C, 

9A1203-2B203  phase  is  formed  by  the  reaction:  2  (2A1203-B203)  +5AI2O3  -►  9A1203-2B203 
[10].  Below  700°C,  it  was  found  that  there  was  no  substantial  reaction.  The  bend  strength  of 
samples  fired  at  1300,  and  1500°C  decreases  due  to  the  decomposition  of  the  compound 
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Figure  3.  Bend  strength  of  test  coupons  fabricated  with  Lanxide  15  p.m  alumina-boron  oxide 
powder  blends 
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Figure  4.  Mechanical  properties  of  green  samples  and  samples,  fired  at  900°C  for  6  hours,  made 
from  alumina-25  wt.%  boron  oxide  powder  blend 
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Figure  5.  Effect  of  firing  temperature  on  the  mechanical  properties  of  samples  made  from 
alumina-25  wt.%  boron  oxide  powder  blend 
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(b)  fired  at  700°C 


(d)  fired  at  1100°C 


(e)  fired  at  1200°C 


Figure  6.  X-ray  diffraction  analysis  of  alumina-25  wt.%  composites  fired  at  various 
temperatures  for  6  hours 
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9AI2O3  2B2O3  [11].  Below  1300°C,  secondary  heat  treatments  increase  the  density,  whereas 
above  1300°C,  fired  density  is  lower  than  the  green  density  due  to  the  increase  in  porosity 
associated  with  the  decomposition  of  the  9AI2O32B2O3  phase  (Fig.  5(b)). 

Summary 

It  was  demonstrated  that  both  a  composite  body  AI2O3-2AI2O3B2O3  and  a  monolithic  material 
9Al203-2B203  could  be  successfully  fabricated  by  selective  laser  sintering  and  reactive  sintering  of 
the  material  system  AI2O3-B2O3.  The  bend  strength  of  the  composite  body  increases  as  the  binder 
content  increases.  At  higher  laser  power  density,  the  composites  show  higher  bend  strength  due  to 
higher  density.  At  intermediate  firing  temperatures  around  800-1 100°C,  test  bars  show  higher 
bend  strength  due  to  the  formation  of  aluminum  borate  (2AI2O3B2O3 )  at  the  surface  of  the 
alumina  particles  by  the  reaction  of  alumina  and  boron  oxide  at  around  800°C. 
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Abstract 

Selected  Area  Laser  Deposition  Vapor  Infiltration  (SALDVI)  is  a  unique 
combination  of  selected  area  laser  deposition,  chemical  vapor  infiltration  and  layered 
powder  handling  techniques  that  can  be  used  to  fabricate  silicon  carbide  (SiC)/SiC 
composite  shapes.  This  paper  discusses  a  SALDVI  process  under  investigation  which 
selectively  infiltrates  SiC  powder  with  SiC  generated  by  decomposition  of  a  gas  precursor 
under  a  scanned  laser  beam.  A  general  description  of  the  process,  including  some  of  its 
inherent  advantages  is  presented.  Experimental  results  which  explore  beam  interaction, 
powder  size  and  infiltration  time  effects  are  also  presented. 

Introduction 

Selected  Area  Laser  Deposition  Vapor  Infiltration  (SALDVI)  is  a  new  solid 
freeform  fabrication  (SFF)  technique  that  has  the  potential  to  produce  both  monolithic  and 
composite  metal  and  ceramic  shapes.  SALDVI  uses  the  selected  area  laser  deposition 
(SALD)  technique  [  1 J  to  provide  material  used  for  simultaneous  localized  chemical  vapor 
infiltration  .  The  process  begins  by  generating  a  two  dimensional  pattern  on  a  powder 
substrate  with  a  scanned  laser.  The  high  temperature  at  the  laser’s  focal  point  pyrolitically 
decomposes  a  gas  precursors),  and  the  products  of  decomposition  locally  infiltrate  and 
bond  the  powder  particles  together.  After  each  two  dimensional  pattern  has  been  scanned 
and  infiltrated,  a  fresh  layer  of  powder  is  spread  on  top  of  the  previous  infiltrated  layer 
using  technology  developed  for  selective  laser  sintering  [2].  The  process  is  repeated  until 
the  desired  three  dimensional  shape  is  built.  The  finished  part  has  a  composite  structure 
consisting  of  the  starting  powder  bonded  into  a  matrix  of  vapor  deposited  material. 

The  SALDVI  process  has  great  potential  due  to  several  inherent  features.  These 
features,  discussed  below,  include  the  potential  to  produce  fully  dense  shapes  without  post 
processing,  a  wide  materials  selection,  and  the  elimination  of  dimensional  constraints 
associated  with  traditional  chemical  vapor  infiltration  techniques. 

High  density  has  been  one  of  the  main  goals  of  most  SFF  processes  because  of  the 
direct  relationship  between  density  and  mechanical  integrity.  Many  SFF  processes  must 
include  secondary  heat  treatments  to  produce  shapes  with  satisfactory  density.  This  adds 
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time  and  cost  to  production,  and  complicates  the  initial  build  of  the  shape  by  forcing 
consideration  of  shrinkage  effects  [3,4].  The  SALDVI  process  has  the  potential  to  make 
fully  dense  shapes  without  post  processing  because  it  incorporates  vapor  deposition,  a 
process  that  can  inherently  produce  theoretically  dense  material. 

The  SALDVI  process  has  the  potential  to  produce  shapes  from  a  wide  range  of 
materials.  Gas  precursors  have  been  developed,  particularly  by  the  microelectronics 
industry,  for  the  vapor  deposition  of  a  variety  of  elements  and  compounds  including  such 
useful  materials  as  Al,  AIN,  AI2Q3,  Si,  SiC>2,  Si3N4,  SiC,  Ti,  TiN,  TiC>2,  Zr,  Z1O2,  Hf, 
HfC,  W,  WC,  Co,  Fe,  Ni,  Cr  and  Cu  [5].  Many  of  these  precursor  systems  are 
candidates  for  laser  deposition,  and  therefore  potential  candidates  for  the  SALDVI  process. 
With  the  proper  selection  of  gas  precursor(s)  and  powder  bed  material(s),  a  variety  of 
metal/metal,  metal/ceramic,  and  ceramic/ceramic  structures  could  be  produced. 

The  SALDVI  process  could  also  eliminate  the  dimensional  constraints  inherent  to 
traditional  chemical  vapor  infiltration  (CVI)  techniques.  Traditional  CVI  processes  are 
limited  to  small  shapes  because  the  outside  of  the  shapes  tend  to  seal  and  prevent  further 
infiltration  before  the  interior  is  fully  dense  [6].  More  complex  CVI  processes  are  currently 
under  investigation  such  as  forced  flow  reverse  gradient  and  microwave  heating  that 
impose  a  reverse  temperature  gradient  on  the  preform,  i.e.  heat  from  the  inside  out,  to 
improve  the  infiltration  of  larger  shapes  [7,8].  The  SALDVI  process  avoids  part  size 
limitations  by  infiltrating  consecutive  thin  layers  to  build  shapes.  This  makes  possible  the 
production  of  shapes  with  dimension  limited  only  by  machine  size. 

Silicon  Carbide/Silicon  Carbide  SALDVI 

Initial  work  characterizing  SALDVI  has  concentrated  on  producing  SiC/SiC 
composite  shapes  using  SiC  powders  and  a  SiC  gas  precursor.  SiC  powder  was  chosen 
because  of  the  material's  desirable  engineering  properties,  and  its  2560°C  decomposition 
temperature  [9,10].  SiC's  high  decomposition  temperature  makes  it  stable  under  the  laser 
beam,  thereby  minimizing  any  melting  or  decomposition  of  the  powder  that  would 
complicate  the  vapor  infiltration  process.  Tetramethylsilane  (TMS)  was  chosen  as  the  gas 
precursor  because  of  its  demonstrated  ability  to  produce  SiC  in  a  laser  deposition  process 
[1 1],  and  its  ease  of  handling.  TMS  is  a  liquid  at  room  temperature  with  a  vapor  pressure 
that  is  sufficient  for  vapor  deposition  processes. 

Preliminary  tests  were  run  to  establish  basic  process  parameters  for  use  in  multi¬ 
layer  shape  fabrication.  The  effect  of  beam  interactions  on  power  delivered  to  the  surface, 
the  effect  of  powder  size  on  infiltration  behavior  and  the  degree  of  infiltration  versus  time 
are  reported  on  in  this  paper. 
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Beam  effects 

Absorption  of  laser  energy  by  the  precursor  gas  is  an  important  process 
consideration  because  it  directly  reduces  laser  power  at  the  powder  surface.  Organic 
molecules  such  as  TMS  tend  to  absorb  infrared  energy  through  molecular  vibration/photon 
interactions  f  1 2].  The  absorption  coefficient  of  TMS  was  determined  experimentally  by 
directing  the  SALDVI  CO2  laser  beam  through  a  chamber  filled  to  various  pressures  of  the 
precursor  gas.  Laser  power  leaving  the  chamber  was  measured  using  a  standard  power 
meter  and  compared  to  the  power  entering  the  chamber.  Experimental  data  fit  the  Beer- 
Lambert  relationship,  which  describes  the  transmission  of  energy  through  a  medium  as  an 
exponential  function  of  gas  pressure  and  distance. 

I  =  I0exp(-crpx)  =  transmitted  intensity  ,  in  watts 
I0  =  initial  intensity  ,  in  watts 

a  =  3.62E-4  Torr  ‘cm  1  =  absorption  coefficient 
p  =  pressure,  in  Torr 
x  =  absorption  length,  in  centimeters 

Reflectivity  of  the  surface  is  also  an  important  process  consideration  because 
reflected  laser  power  is  not  available  for  powder/infiltrant  heating.  The  reflectivities  of 
SALDVI  candidate  materials  were  experimentally  determined  using  the  SALDVI  CO2  laser 
and  a  standard  integrating  sphere.  The  beam  was  directed  onto  the  test  material  surface, 
and  the  power  reflected  was  collected  by  the  integrating  sphere  and  recorded.  The  ratio  of 
reflected  power  to  beam  power  is  reflectivity. 


Material 

Reflectivity 

0.6  -0.8  pm  SiC  powder 

0.42  -  0.50 

12pm  SiC  powder 

0.25  -  0.45 

100pm  SiC  powder 

0.20  -  0.50 

hot-pressed  SiC  (solid) 

0.16  -  0.60 

Table  1 :  Reflectivity  for  powder  and  solid  SiC  surfaces,  CO2  wavelength  energy. 


Note  that  the  two  reflectivity  values  reported  for  each  material  do  not  represent  a  continuous 
range  in  the  data,  but  rather  the  high  and  low  values  of  a  periodic  fluctuation  observed  for 
all  materials  tested  except  the  0.6  -  0.8pm  powder.  The  periodic  fluctuations  in  reflectivity, 
most  apparent  in  the  solid  SiC  data,  see  Figure  1 ,  are  caused  by  CO2  laser  mode  hopping. 
An  unstabilized  CO2  laser  has  a  nominal  output  wavelength  of  10.6pm,  but  can 
periodically  mode  hop'  through  several  different  modes.  At  each  mode  the  laser  produces 


350 


a  different  wavelength,  with  wavelengths  ranging  from  10.55pm  to  10.65pm  for  the 
SALDVI  laser.  SiC  reflectivity  dramatically  increases  from  0.25  to  0.8  as  wavelength 
increases  from  lOum  to  11pm  [13].  As  a  result,  the  reflectivity  of  the  surface  changes 
significantly  as  the  laser  output  wavelength  changes. 
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Figure  1:  Reflectivity  versus  time,  hot-pressed  {1-SiC,  10.6pm  (nominal)  wavelength. 
Powder  size  effect 

Figures  2  and  3  are  cross-sections  of  infiltrated  12pm  and  100pm  powders.  A 
static  beam  was  used  with  constant  laser  power  and  gas  pressure. 


Figure  2:  Static  beam  infiltration  -  infiltration  time  30  seconds,  15pm  powder,  25Torr 
TMS  gas  pressure,  20watts  laser  power,  cross-section,  200X. 
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Figure  3:  Static  beam  infiltration  -  infiltration  time  120  seconds,  100pm  powder,  25Torr 
TMS  gas  pressure,  20watts  laser  power,  cross-section,  150X. 

Infiltration  time  effect 

Figures  4  and  5  are  cross-sections  of  material  infiltrated  different  lengths  of  time.  A 
static  beam  was  used,  and  gas  pressure,  laser  power  and  powder  size  (12pm)  were  held 
constant. 


Figure  4:  Static  beam  infiltration  -  infiltration  time  3  seconds,  15pm  powder,  lOTorr  TMS 
gas  pressure,  20watts  laser  power,  cross-section,  500X. 
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Figure  5:  Static  beam  infiltration  -  infiltration  time  5  seconds,  15pm  powder,  lOTorr  TMS 
gas  pressure,  20watts  laser  power,  cross-section,  500X. 


Production  of  multi-layer  parts 

Multi-layer  tests  were  run  to  determine  if  multiple  layers  of  material  could  be 
infiltrated  and  bonded  together  to  produce  a  dense  multi-layer  part.  Figures  6  and  7  are 
cross-sections  of  one  of  the  test  cases. 


Figure  6:  Multi-layer  cross-section,  top  three  layers,  layer  thickness  1 10pm,  15pm 
powder,  20Torr  TMS  gas  pressure,  20watts  laser  power,  static  beam. 
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Figure  7:  Multi-layer  cross-section,  top  layer  including  interface,  15pm  powder,  20Torr 
TMS  gas  pressure,  20watts  laser  power,  static  beam. 

Discussion 

The  rapidly  changing  reflectivity  of  SiC  in  the  10.6pm  wavelength  range  makes  it 
difficult  to  control  temperature  under  the  C02  laser  beam.  The  immediate  solution  will  be 
to  use  a  Nd-YAG  laser  (1.06pm  wavelength).  This  laser  should  make  temperature  easier 
to  control  because  the  shorter  YAG  wavelength  is  not  absorbed  by  the  TMS,  and  the 
reflectivity  of  SiC  in  this  wavelength  range  is  essentially  constant.  A  much  more  robust 
solution  to  the  temperature  problem  will  be  to  use  a  closed-loop  control  system  like  the  one 
currently  under  development  by  Benda  [  14].  That  system  controls  temperature  under  the 
beam  by  measuring  surface  temperature  at  the  beam  focus  and  then  using  that  information 
to  control  laser  power.  A  similar  technique  using  a  two  colored  optical  pyrometer  is 
currently  under  consideration  for  the  SALDVI  process. 

Powder  size  has  a  large  effect  on  infiltration  behavior.  The  smaller  powder 
infiltrates  much  more  rapidly,  probably  due  to  increased  surface  area  driving  the 
decomposition  reaction.  Further  testing  is  required  to  determine  optimum  temperature,  gas 
pressure  and  powder  size  to  achieve  maximum  infiltration  density. 

Significant  infiltration  of  the  material  under  the  beam  occurs  in  the  first  five 
seconds.  This  represents  a  part  build  rate  on  the  order  of  2mm3/minute,  assuming  a  single 
1mm  diameter  beam  is  used.  It  will  be  possible  to  speed  up  the  process  using  variable 
focus  or  multiple  beam  techniques. 
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Conclusions 


Preliminary  studies  documenting  the  effects  of  beam  interactions,  powder  size,  and 
infiltration  time  have  been  presented.  A  multiple  layer  “proof-of-concept”  consisting  of  a 
SiC/SiC  composite  structure  produced  by  the  SALDV1  process  was  also  presented.  Future 
work  will  concentrate  on  maximizing  part  density  and  build  rate  by  optimization  of  gas 
chemistry,  gas  pressure,  process  temperature  and  powder  size.  Additional  precursors  to 
SiC  and  other  materials  will  also  be  investigated. 
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Selective  Laser  Sintering  of  Polycarbonate 
at  Varying  Powers,  Scan  Speeds  and  Scan  Spacings 

Childs  T.  H.  C.,  Cardie  S.  and  Brown  J.M., 

University  of  Leeds,  UK 

Moving  heat  source  theory  has  been  combined  with  a  sintering  model  to  predict 
densification  in  the  bulk  of  and  round  the  edges  of  a  sintered  block.  The  edge  effects 
are  related  to  size  errors  in  sintering.  Experiments  support  the  modelling. 

INTRODUCTION 

A  benchmark  study  (1)  has  shown  selective  laser  sintering  to  be  the  equal  of  or  to 
have  accuracy  advantages  over  other  processes  for  creating  parts  of  size  over  10  mm. 
Experience  is  needed  to  achieve  best  accuracies,  as  with  other  processes.  This  paper  is 
(for  us)  a  first  step  in  understanding  the  relation  between  sintering  parameters,  part 
size  and  acuracy. 

Work  at  the  University  of  Texas  at  Austin  (2-4)  has  established  that  the  sintering 
of  polycarbonate  can  be  understood  in  terms  of  a  rate  model  driven  by  viscous  and 
surface  tension  effects.  Material  properties  are  such  that  a  sharp  boundary  exists 
between  sintered  and  unsintered  material.  When  full  density  is  not  achieved  in  a  part, 
density  within  a  single  layer  varies  from  fully  sintered  to  totally  unsintered;  measured 
part  density  is  thus  a  mean  of  widely  varying  values.  Published  work  (3-4)  uses  a  one¬ 
dimensional  non-steady  state  heat  flow  model  to  calculate  the  temperature  profile  and 
densification  beneath  the  surface  and  concentrates  on  the  effects  on  this  of  material 
properties  varying  with  temperature  and  during  sintering.  In  this  paper,  these 
variations  are  ignored  but  a  three  dimensional  non-steady  heat  flow  is  used  to  enable 
edge  effects  to  be  estimated.  Density  gradients  at  edges  are  assumed  to  be  responsible 
for  variations  of  accuracy  with  sintering  parameters,  part  size,  part  shape  and 
orientation. 


THEORY 

The  geometry  studied  is  a  rectangular  block  ABCD  of  width  w  and  length  a 
(figure  la),  sintered  by  a  laser  spot  of  diameter  d  and  power  P,  travelling  at  speed  U  in 
the  x-direction  and  incrementing  in  the  y-direction  by  the  scan  spacing  s.  The  block  is 
made  up  of  layers  of  thickness  zr  (figure  lb)  but,  because  of  densification,  the 
thickness  of  the  powder  layer  being  sintered,  zj,  is  greater  than  zr.  The  calculation  has 
three  stages:  modelling  the  heat  source,  calculating  the  variation  of  temperature  with 
time  around  the  heat  source,  and  estimating  the  density  changes  caused  by  the 
temperature  distribution. 

Modelling  the  heat  source.  Observation  of  selective  laser  sintering  shows  a 
sintering  front  to  move  steadily  in  the  y-direction.  In  this  paper  the  actual  rastering 
spot  is  simplified  to  a  strip  source  of  width  d,  emitting  heat  q  per  unit  area  per  unit 
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time  uniformly  and  moving  steadily  in  the  y-direction  with  speed  V.  V  is  found  from 
the  time  t*  to  advance  the  distance  s: 

V  =  s/t*  (1) 

where  t*=  w(l/U  +  1/Ur)  +  td  (2). 

Ur  is  the  speed  of  the  returning  scan  and  tj  is  the  sum  of  any  laser  dwell  times.  By 
equating  the  heat  put  into  the  block  by  the  simplified  source  to  that  put  in  by  the  actual 
rastering  spot  it  is  found  that  q/V,  needed  later,  is 

q/V  =  (P/Us)  /  d  (3). 

The  smearing  out  of  the  rastering  spot  source  to  a  steadily  moving  strip  source  is 
unable  to  model  any  periodic  density  variations  that  may  occur  in  the  y-direction.  It 
must  clearly  become  an  oversimplification  as  s  becomes  much  greater  than  d,  but  in 
practice  there  is  some  overlap  between  successive  scans.  It  is  also  an  oversimplification 
if  heat  diffuses  further  than  the  source  width  d  in  the  cycle  time  t*.  When  U  and  Ur 
are  approximately  the  same  and  t<j  is  negligible,  it  can  be  shown  that  for  the  validity  of 
the  approximation 

U/w  >  2x/d2  (4), 

where  k  is  the  diffusivity  of  the  material.  It  will  be  seen  that  this  is  satisfied  in  typical 
sintering  situations,  up  to  widths  w  around  100  mm  or  so. 

Temperature  calculation.  A  classical  moving  heat  source  result  (5)  gives  the 
temperature  rise  T  in  a  semi-infinite  body  z  >  0  caused  by  a  rectangular  surface 
source  of  sides  21  (=d)  parallel  to  y  and  2b  (=w)  parallel  to  x,  moving  with  speed  V 
in  the  y  direction,  and  that  has  been  transmitting  heat  for  time  t,  as 


T  _qq  K/k 
V  2yf2n 


v2^  e_z2/2u 


rX+B  . X - B 

erf^2T-erf^2T 


Y  +  L  +  u 


Y-L  +  u 


where  X  =  — ,  Y  =  ^,  Z-£,  L  =  ^  and  B  =  ^  (5). 

2k  2k  2k  2k  2k 

The  origin  of  the  axes  x,  y,  z  is  centred  in  the  heat  source,  a  is  the  fraction  of  heat 
absorbed  by  the  body  and  k  is  the  thermal  conductivity  of  the  body. 

Equation  (4)  has  been  integrated  numerically  to  provide  temperature  fields  relative 
to  the  position  of  the  heat  source  in  four  special  cases: (i)  the  steady  state  temperatures 
away  from  the  edges  of  the  block;  (ii)  the  steady  state  temperatures  around  the  edges 
AC  and  BD  of  the  block;  (iii)  the  initial  temperatures  around  the  edge  AB;  and  (iv),  by 
superposition  of  (i)  less  (iii),  the  final  temperatures  around  the  edge  CD.  k  and  k  have 
been  taken  as  constant  and  to  have  values  appropriate  to  the  unsintered  powder.  The 
volume  contractions  due  to  sintering  during  heating  have  been  ignored.  These  are  on 
the  grounds  that  it  is  the  temperature  distribution  in  the  powder  around  the  sintering 
front  that  determines  the  front's  spatial  extent.  The  fact  that  there  is  a  previously 
sintered  layer  beneath  the  current  powder  layer  (with  thermal  properties  of  the  solid) 
has  also  been  ignored. 

Densifi cation.  The  simple  model  of  densification  used  in  (4)  has  been  applied: 
_d£=fAe<-E/RT)dt  (6) 

c  J 
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where  e  is  the  porosity  of  the  powder.  The  temperature  /  time  history  at  a  depth  z 
below  the  surface  has  been  used  to  integrate  the  right  hand  side  of  (6)  and  hence  obtain 
the  sintered  density  at  that  depth.  The  mean  density  has  been  obtained  by  averaging 
over  the  layer  thickness.  The  contractions  in  z  are  included  at  this  stage. 

Calculations  have  been  performed  with  thermal  data  from  (4):k  =  0.1  mm^/s,  a 
=  0.95,  k  =  0.08  W/m/°K,  E/R  =  21,000  and  A  =  8.84xl016  s'1;  and  for  d  =  0.2 
mm,  zr  =  0.125  mm  and  a  powder  bed  ambient  temperature  of  154°C.  Figure  2 
shows  predicted  densities  away  from  the  part  edges  as  a  function  of  laser  power.  For  w 
=  25  mm,  density  depends  only  on  the  energy  density  parameter  P/(Us),  but  for  larger 
values  of  w,  an  effect  of  cooling  between  scans  is  predicted.  For  P/(Us)  =  0.045 
J/mm^,  the  hatched  range  for  w  =  90  mm  has  been  obtained  by  varying  U  and  s  in 
different  combinations.  Figure  3  shows  predicted  edge  density  variations  when  w  =  25 
mm.  In  figure  3a  (for  the  edges  AC  and  BD)  it  is  noticeable  that  sintemg  occurs 
outside  the  geometric  boundary.  This  is  not  the  case,  in  figure  3b,  for  the  edges  AB 
and  CD.  For  these  the  density  profiles  differ  from  one  another  as  there  is  no  heat  in 
the  layer  before  sintering  starts,  but  heat  must  diffuse  away  after  the  sintering  is 
completed. 


EXPERIMENTATION 

A  standard  test  piece  (figure  4a)  was  sintered.  Pieces  were  created  at  positions  1 
to  21  in  the  build  zone  of  a  Sinterstation  2000  as  indicated  in  figure  4b.  Parts  were 
built  with  laser  powers  from  4.5  to  19  W,  scan  speeds  from  517  to  1206  mm/s,  scan 
spacings  from  0.08  to  0.406  mm,  chosen  to  surround  the  manufacturer's  recommended 
settings  for  polycarbonate  of  11  W,  861  mm/s  and  0.203  mm.  The  layer  thickness  was 
0.125  mm.  All  other  variables  were  held  at  the  manufacturer's  recommended  defaults. 
In  particular  the  ambient  temperature  of  the  powder  bed  was  154°C,  the  nominal  beam 
diameter  was  0.2  mm. 


RESULTS 

In  a  first  test  all  21  parts  were  sintered  with  P=  11  W,  U  =  860  mm/s  and  s  = 
0.203  mm  (P/Us  =  0.063  J/mm^).  The  slightly  lower  density  of  parts  1  to  9  (w  =  90 
mm)  than  10  to  15  and  16  to  21  (w  =  25  mm)  is  seen  in  figure  5a,  but  in  each  group 
there  is  one  low  value.  These,  from  parts  12,  9  and  19,  may  be  caused  by  a  slightly 
lower  bed  temperature  near  to  the  edge  of  the  build  zone  (by  accident  the  pattern  of 
parts,  figure  4b,  was  not  quite  concentric  in  the  zone).  These  effects  combine  to  give  a 
general  scatter  of  results  as  shown  in  figure  5b.  In  a  second  test,  the  full  range  of  P,  U 
and  s  variables  was  used  to  study  how  density  varied  with  P/Us.  Figure  6  (•)  is  the 
result.  Figure  6  also  shows  a  third  test  result  (o)  in  which  P,  U  and  s  were  varied, 
keeping  P/Us  constant,  results  derived  from  figure  26  of  reference  4  (+),  the 
theoretical  prediction  for  w  =  25  mm  from  figure  2  and  another  prediction  discussed 
later.  Finally,  over-  and  under-size  x  and  y  measurements  are  presented  in  figure  7 
with  theoretical  predictions  obtained  from  figure  3  assuming  that  a  density  of  650 
kg/m^  marks  the  boundary  of  the  part. 
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DISCUSSION  AND  CONCLUSION 


Figure  6  (•)  shows  that  within  the  scatter  of  results  established  in  figure  5  density 
depends  mainly  on  the  energy  density  P/Us.  A  small  influence  of  w  has  been  found 
(figure  5),  but  less  than  expected  from  figure  2.  Densities  (•)  are  significantly  less  than 
the  theory.  There  can  be  a  small  variability  between  runs  (results  (o)  differ  from  (•)) 
and  it  is  interesting  to  note  the  small  differences  between  the  present  experimental 
work  and  that  of  reference  (4)  (+),  although  the  layer  thickness  used  in  (4)  is  not 
clear.  The  overprediction  of  density  may  result  from  neglecting  the  changes  in  k 
during  sintering.  Repeating  the  calculations  using  solid  material  thermal  properties 
gives  a  better  agreement,  as  indicated  in  figure  6  (k  =  0.2  W/m/°K).  Perhaps  a  role  of 
previously  sintered  material  is  to  conduct  heat  more  rapidly  away  from  the  sintering 
zone. 

The  under-  and  over-size  measurements  of  figure  7  are  very  scattered,  perhaps 
reflecting  difficulties  of  measurement  or  variablity  in  breakout  and  cleaning 
techniques.  Their  variation  with  P/Us  is  similar  to  the  predicted  values.  Figure  3 
suggests  different  beam  offsets  should  be  used  for  x  and  y  edges. 

These  studies  are  at  an  early  stage.  The  results  encourage  further  developments  to 
create  automatic  techniques  for  controlling  sintering  conditions  and  beam  offsets  for 
required  part  densities  and  accuracies. 
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Figure  1.  The  sintering  geometry. 
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Figure  2.  Dependence  of  density  on  laser  power  for  a  range  of  scan  widths  w 
and  energy  densities  P/(Us). 
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Figure  5.  Density  variations  in  nominally  constant  conditions  arranged  (a)  by 
part  number  and  (b)  by  distance  from  the  centre  of  the  build  area. 
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Predicted  (— )  and  experimental  (•,  o,  +)  density  variations. 


Predicted  ( — )  and  experimental  x  (•)  and  y  (o)  out  of  size,  shifted  to 
coincide  at  P/(Us)  =  0.063  J/mm^. 


Selective  Laser  Pyrolysis  for  Solid  Free-Form  Fabrication  of  Silicon  Carbide 
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Abstract 

Selective  laser  pyrolysis  rapidly  decomposes  a  polymeric  precursor  to  form  a  co¬ 
hesive  ceramic  shape.  The  considerable  shrinkage  and  porosity  during  pyrolysis  of  pure 
precursor  can  be  modified  by  the  addition  of  either  inert  or  reactive  fillers.  With 
polycarbosilane  as  the  polymeric  precursor,  the  process  forms  shapes  of  (3-SiC  and,  by 
using  fillers,  composites  of  p-SiC/Al4C3/Al,  p-SiC/TiC/Ti,  and  P-SiC/ZrC/Zr.  The 

technique  offers  some  potential  for  ceramic  shapes  with  custom  designed  composition  and 
microstructure  including  nanometer  grain  size. 


Introduction 

Polymeric  precursors  provide  a  means  for  synthesizing  and  forming  ceramics  that 
reduces  the  need  for  high  temperature  processing.  Polymeric  ceramic  precursors  contain 
an  inorganic  component  such  as  silicon  or  titanium  in  an  organic  polymer  chain.  Pyrolyz- 
ing  the  polymer  results  in  a  residue  in  which  the  inorganic  component  converts  to  a  ce¬ 
ramic  such  as  silicon  carbide  (or  nitride)  or  titanium  carbide.  Several  researchers  have 
used  this  approach  to  produce  nano-powders1-4;  the  commercially  available  Nicalon  (SiC) 
and  Tyranno  (SiC-TiC)  fibers  are  also  formed  from  pyrolysis  of  polymeric  precursors.5 

Selective  laser  pyrolysis  seeks  to  use  the  relatively  low  pyrolysis  temperature  of 
polymeric  precursors  to  overcome  some  of  the  difficulties  seen  in  direct  Selective  Laser 
Sintering  of  ceramics.  Polycarbosilane  (PCS),  the  raw  material  for  Nicalon  fibers, 
provided  suitable  characteristics  for  the  first  laser  pyrolysis  work.  Figure  1  compares 
conventional  and  laser  pyrolysis  of  PCS  and  Figure  2  schematically  depicts  laser  pyrolysis 
of  PCS. 


Experiments  and  Discussion 

The  experimental  set-up  consists  of  a  vacuum  chamber  mounted  on  an  x-y  table 
and  a  25W  cw  CO2  laser.  The  laser  is  focused  through  a  ZnSe  window,  and  by  moving 
the  chamber,  the  laser  scans  across  a  powder  bed  of  the  material  to  be  pyrolyzed.  The 
design  of  the  chamber  is  discussed  in  detail  in  reference  6. 

Experiments  with  laser  pyrolysis  of  PCS  were  divided  into  three  groups:  pure 
PCS,  PCS  with  inert  filler,  and  PCS  with  reactive  filler.7  All  of  the  experiments  involved 
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PCS  powder  prepared  by  mortar  and  pestle  grinding.  The  powder  combinations  were 
formed  by  mechanical  mixing. 

Pure  PCS 

The  first  group  of  experiments  involved  pyrolysis  of  pure  PCS.  Shapes  formed 
from  pure  PCS  have  rough  surfaces  and  are  highly  porous,  but  show  good  cohesion,  in¬ 
cluding  between  layers.  The  pores  appear  evenly  distributed  both  within  and  across  layers. 
Significant  shrinkage  occurs  during  pyrolysis;  the  surface  of  the  pyrolyzed  region  of  the 
powder  bed  is  significantly  lower  than  the  surrounding  non-pyrolyzed  regions. 

Figure  3  presents  the  X-ray  diffraction  spectrum  for  pure  PCS  after  laser  pyrolysis 
while  Figure  4  shows  the  grain  size  /  laser  power  relationship.  The  grain  size,  as 
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determined  from  X-ray  diffraction  peak  widths  and  the  Scherrer  equation,  shows  poor 
correlation  with  total  energy,  but  a  strong  correlation  with  laser  power.  Grain  size  is 
expected  to  be  independent  of  laser  power  but  increase  with  total  energy  flux  (energy  flux 
is  proportional  to  power,  scan  speed,  and  scan  spacing).  The  connection  of  power  and 

grain  size  here  suggests  that  pyrolysis  occurs  very  rapidly,  in  less  time  than  the  total  laser 
dwell  time  on  a  given  area  (<10  seconds  for  the  scan  speed  and  spacings  examined),  and 
that  the  laser  powers  examined  are  too  low  to  raise  the  temperature  enough  to  cause  grain 
growth  after  SiC  forms.  In  addition  to  increasing  grain  size,  higher  power  also  increases 
cracking  and  surface  roughness. 


Laser  PyroHied  PCS 


Two  Theta 


Figure  3  X-Ray  Diffraction  Spectrum  for  Laser  Pyrolyzed  Pure  PCS 


PCS  with  Inert  Filler 

The  second  group  examined  consisted  of  PCS  with  an  inert  filler.  The  filler  re¬ 
duces  the  shrinkage  and  porosity  seen  during  pyrolysis  of  pure  PCS.  The  inert  filler  sim¬ 
ply  decreases  the  volume  of  PCS  needed  and  therefore  the  amount  of  shrinkage  during 
processing.  Both  silicon  carbide  and  silicon  nitride  were  examined  as  inert  fillers,  but  none 
of  the  silicon  nitride  mixtures  formed  cohesive  shapes,  possibly  because  of  poor  bonding 
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Silicon  Carbide  Grain  Size  vs.  Laser  Power  for  Laser 
Pyrolyzed  Polycarbosilane 
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Figure  4  Silicon  Grain  Size  vs.  Laser  Parameters  for  Laser  Pyrolyzed  Polycarbosilane 
(Grain  Size  determined  from  X-ray  Diffraction  peak  widths  and  the  Scherrer 
Equation).8 


between  the  pyrolyzed  material  and  the  silicon  nitride  powder.  Silicon  carbide  filler,  how¬ 
ever,  did  show  good  bonding  between  pyrolysis  product  and  filler. 

PCS  with  Reactive  Filler 

Reactive  fillers  (carbide  forming  metals)  decrease  shrinkage  and  boost  yield  after 
pyrolysis  by  consuming  carbon  normally  lost  as  gaseous  by-products.  For  all  reactive 
fillers,  local  porosity  appears  high,  but  some  regions  contain  large  voids  which  greatly 
lowers  the  overall  density  of  the  samples.  The  compositions  resulting  from  laser  pyrolysis 
of  reactive  mixtures  closely  parallels  that  seen  in  conventional  pyrolysis  of  such  mixtures.9 
Table  1  summarizes  the  results  of  the  various  experiments  conducted  on  PCS  with  and 
without  fillers. 

As  an  example  of  the  effect  of  reactive  fillers.  Figure  5  shows  a  laser  pyrolyzed 
PCS  -  Ti  mixture.  After  pyrolysis,  the  mixture  contains  P-SiC,  TiC,  and  residual  titanium. 
Although  the  pre-pyrolysis  metal  to  carbon  ratio  of  the  mixture  was  one  to  one,  two 
factors  prevent  complete  TiC  formation:  the  large  titanium  powder  size  (-100  mesh)  and 
some  loss  of  carbon  as  gaseous  by-products.  The  pyrolyzed  PCS-Ti  mixture  pictured  also 
shows  high  local  density.  Overall  density,  however,  remains  low  because  of  isolated,  large 
voids  caused  by  inhomogenities  in  the  original  powder  mixture. 
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Conclusions 


Selective  laser  pyrolysis  of  polycarbosilane  successfully  produced  shapes  com¬ 
posed  of  nano-crystalline  P-SiC.  A  filler  approach  showed  some  success  in  reducing 
shrinkage  and  local  porosity  while  also  allowing  formation  of  composite  materials.  Fur¬ 
ther  study,  however,  is  necessary  to  further  decrease  overall  porosity  to  more  acceptable 
levels. 


Table  1 


Results  of  Laser  Pyrolysis  of  Polycarbosilane 


Reactants 

Metal: 

Carbon 

Ratio 

Products 

Char 

Yield 

%of 

Theoretical 

Density 

PCS 

0.5  :  1 

p-SiC  +  C 

~  70% 

~  30% 

Inert  Filler 

50wt%  P-SiC  (16  nm) 

+  50  wt%  PCS 

0.7  :  1 

p-SiC  +  C 

~  70% 

~  35% 

Reactive  Filler 

29wt%  Si  (5  nm) 

+  71wt%PCS 

1.0:  1 

P-SiC  +Si 

-  85% 

-  25% 

50wt%  A1  (-325  mesh) 

+  50wt%  PCS 

1.5  :  1 

P-SiC +  A14C3  +  A1  +  Si 

~  90% 

~  30  % 

34wt%  A1  (-325  mesh) 

+  66wt%  PCS 

1.0:  1 

P-SiC  +  Al^C^  +  A1  +  Si 

~  90% 

~  30% 

60wt%  Ti  (-100  mesh) 

+  40wt%  PCS 

1.0:  1 

P-SiC  +  TiC  +  Ti 

~  90% 

~  30% 

73wt%  Zr  (-270  mesh) 

+  27wt%  PCS 

1.0:  1 

P-SiC  +  ZrC  +  Zr 

~  90% 

~  30% 
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a)  Top  (Laser  Scanned)  Surface  100X 


b)  Top  (Laser  Scanned)  Surface  500X 


Figure  5  SEM  Photographs  of  Laser  Pyrolyzed  Polycarbosilane  /  Titanium  Mixture 
The  large  nodules  are  remaining  titanium  particles  (starting  size  -100  mesh) 
while  the  smaller  nodules  seen  at  higher  magnification  likely  are  aggregates 
of  TiC  and  SiC. 
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Abstract 

This  paper  describes  the  use  of  SLS  technology  for  the  fabrication  of  injection  mold 
cavities.  Green  shapes  were  made  from  metal  -  copolymer  powder  mixtures  by  SLS.  The 
copolymer  was  gradually  burnt  out  and  the  metal  was  oxidized  in  an  air  furnace.  The  porous 
oxidized  metal  part  was  subsequently  infiltrated  with  an  epoxy  resin  and  cured.  Effect  of  process 
variables  in  SLS,  effect  of  oxidation  cycle,  dimensional  changes  on  oxidation  and  epoxy 
infiltration  of  the  oxidized  metal  part  are  discussed. 

Introduction 

Selective  Laser  Sintering  comes  under  the  class  of  Solid  Freeform  Processes  for  Rapid 
Manufacture  of  parts  directly  from  a  CAD  model  without  part  specific  tooling  or  human 
intervention!  1,2].  This  technology  has  been  developed  at  the  University  of  Texas  at  Austin  to 
produce  polymer  parts  as  well  as  indirect  metal  and  ceramic  parts  that  have  polymer  as  an 
intermediate  binder.  We  have  adapted  SLS  to  manufacture  indirect  oxidized  metal  molds  for 
injection  molding  applications.  The  traditional  method  for  manufacturing  injection  molds  involves 
precision  machining  of  cast  metals.  This  fabrication  process  is  usually  very  complex,  time 
intensive,  expensive  and  also  requires  highly  skilled  labor.  Rapid  Prototyping  using  SLS  offers 
the  solution  to  the  problem  of  fabricating  prototypes  at  low  costs  and  high  speed.  Time  savings 
due  to  design  refinements  are  enormous  since  the  prototype  can  be  fabricated  in  hours  as  compared 
to  months  and  changes  required  can  easily  be  made  on  the  computer  and  the  part  rebuilt  quickly. 
The  suitability  of  the  material  system  for  mold  manufacture  has  been  demonstrated  in  an  earlier 
paper[3]. 


Experimental  Work 

Processing  and  Post-Processing  :  The  raw  material  for  the  SLS  process  consists  of  a  metal 

powder  and  a  polymer  powder  that  acts  an  intermediate  binder.  Iron  powder,  -325  mesh  in  size, 
was  used  as  the  metal  and  was  obtained  from  Hoeganaes,  Riverton,  New  Jersey.  The  polymer 
binder  is  a  copolymer  of  poly(methylmethacrylate-co-butylmethacrylate)  and  has  an  average  melt 
flow  index  of  28.9g/10min  at  75  psi  and  200°C[4].  The  polymer  powder  is  obtained  by  spray 
drying  polymer  emulsion  in  a  Anhydro  Spray  Dryer.  The  iron  powder  is  mixed  with  polymer  and 
used  in  SLS  for  making  the  green  shape.  The  polymer  composition  in  the  mixture  was  40  vol  %  ( 
9.16  wt  %).  SLS  was  used  to  make  the  green  molds  as  well  as  bars  for  strength  tests  and  density 
cups  for  measurement  of  bed  density.  The  mold  design  was  provided  by  Golden,  Colorado.  The 
surface  bed  temperature  in  SLS  was  maintained  at  103  °C  to  prevent  powder  from  caking  and  also 
to  keep  the  part  from  curling.  The  green  part  made  by  SLS  was  then  processed  in  an  air  furnace  to 
remove  the  polymer  and  oxidize  the  metal.  The  effect  of  firing  conditions  on  oxidized  metal  part 
were  studied.  The  effects  of  processing  variables  on  part  strength  are  described  in  the  following 
section. 
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Epoxy  Infiltration  :  The  porous  oxidized  metal  preforms  were  infiltrated  with  a  liquid  epoxy 
resin  to  increase  density  and  strength  of  parts.  Epoxy  resins  contain  a  reactive  oxirane  structure 
which  is  commonly  referred  to  as  an  "epoxy"  functionality.  Liquid  epoxy  resins  are  converted 
through  these  reactive  epoxy  sites  into  tough,  insoluble,  and  infusible  solids.  The  main  issues  in 
choosing  an  epoxy  infiltration  system  are : 

(i)  The  epoxy  should  have  low  viscosity  (of  the  order  of  100  cp)  at  the  operating  temperature. 

(ii)  The  epoxy  should  have  good  mechanical  properties  and  high  heat  distortion  temperature. 

(iii)  The  gel  time  of  the  epoxy  at  the  operating  temperature  should  be  large  to  allow  sufficient 
time  for  infiltration  of  parts.  If  the  gel  time  is  short  (<  lhr)  the  epoxy  starts  crosslinking 
during  infiltration  and  this  increases  the  viscosity  and  prevents  infiltration.  This  becomes 
especially  important  when  one  has  to  infiltrate  large  parts. 

There  is  usually  a  compromise  between  properties.  Some  of  the  epoxy  infiltration  systems  that 
were  tried  out  were  :  D.E.R.  331  with  DEH  24  and  D.E.R.  331  with  Ac-methyl  (anhydride  curing 
agent)  from  DOW  Chemical  Company,  CGL  1310  resin  with  RP1520  hardener  from  Ciba  Giegy, 
and  Casting  resin  CR  00183  from  ETI  Inc.  Typically,  the  viscosity  of  the  resin  drops  with 
temperature.  The  part  to  be  infiltrated  is  usually  heated  to  60  °C  and  the  epoxy  system  which  is 
also  heated  to  approximately  the  same  temperature  is  used  for  infiltration.  Infiltration  is  carried  out 
either  by  applying  the  epoxy  with  a  paint  brush  or  by  soaking  the  part  in  epoxy  till  all  the  porosity 
is  filled.  Figure  1.  shows  a  resin  uptake  curve  for  infiltration  of  a  68%  porous  cylindrical  oxidized 
iron  preform  with  D.E.R.  331  resin,  Ac-methyl  curing  agent,  and  BDMA  as  cure  accelerator  at  75 
°C.  This  infiltration  was  carried  out  by  placing  the  part  in  a  pond  of  the  epoxy. 


Epoxy  System  :  DER  331  -  Ac  methyl  -  BDMA 
Infitration  Temperature  =  75°C 


Figure  1 .  Resin  Uptake  Curve  For  Porous  Oxidized  Iron  Preform 

The  maximum  infiltration  height  was  3.25  cm.  Copper  and  iron  were  used  as  materials  for 
making  bars  to  evaluate  strengths. 
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The  first  task  was  to  select  a  suitable  epoxy  infiltration  system  for  infiltration  of  porous 
oxidized  metal  preforms.  Three  different  epoxy  resins  were  evaluated  for  infiltration  using  porous 
oxidized  copper  preforms  fired  under  the  same  conditions.  The  infiltrated  strengths  are  shown  in 
Table  1.  Even  though  the  Ciba  Giegy  system  shows  higher  strength  the  DOW  epoxy  with 
anhydride  cure  was  eventually  chosen  because  of  lower  viscosity  and  greater  pot  life  at  the 
operating  temperature.  Two  different  metal  powders,  copper  and  iron,  were  used  in  SLS  to  make 
bars  to  evaluate  final  strengths  of  the  mold  material.  Comparison  of  strengths  of  epoxy  infiltrated 
oxidized  copper  and  oxidized  iron  bars  are  shown  in  Figure  2.  All  the  bars  were  processed  with 
identical  firing  cycles  and  a  maximum  firing  temperature  of  300°C  for  15.25  hrs.  Epoxy  infiltrated 
oxidized  iron  bars  show  much  higher  strengths  than  epoxy  infiltrated  oxidized  copper  bars  and 
hence  iron  was  chosen  as  the  raw  material  in  SLS  for  making  the  mold. 


Infiltrant 

Avg.preform  density 
(%) 

Avg  Infiltrated  Density 
(%) 

Avg.  MOR  (psi) 

D.E.R.  331 

32 

98 

3841 

CGL  1310 

32 

83 

4045 

CR  00183 

37 

89 

3103 

Table  1.  Comparison  Of  Epoxv  Infiltrants 


The  SLS  of  iron-copolymer  mixture  was  carried  out  in  a  full  size  DTM  Model  125 
commercial  SLS  machine  supplied  to  the  University  by  DTM  Corporation.  Nitrogen  was  used  as 
an  inert  gas  during  the  runs.  The  variables  in  SLS  manufacture  of  green  parts  are  the  Laser 
Power,  the  Scan  spacing,  the  step  size  and  step  period,  which  determine  the  beam  speed,  and  the 
layer  thickness.  These  can  be  coupled  together  to  form  an  energy  term  known  as  the  scan  density 
or  Andrew  number  which  signifies  the  amount  of  heat  put  in  per  unit  area  [5],  Shown  below  is  the 
equation  for  Andrew  number,  An  : 

An  =  P*f  /  (BS*SCSP) 

Where  An  =  scan  density,  cal/cm2 

P  =  Power,  Watts 

f  =  conversion  factor 

BS  =  Beam  Speed,  inch/sec 

SCSP  =  Scan  Spacing,  mils 


The  scan  density  was  varied  by  changing  the  beam  speed  between  24  and  67  in/sec  while 
keeping  the  other  parameters  fixed.  The  plot  of  strength  with  scan  density  is  shown  in  Figure  2. 
The  effect  of  density  on  strength  is  shown  in  Figure  4.  The  strength  of  a  material  usually  varies  as 
a  power  law  function  of  the  density  as  given  by  the  equation  below  : 

a  =  Apn 
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The  plot  of  log(o)  with  log(p)  yields  the  slope  "n"  and  intercept  "A".  The  value  of  A  is  7.025e-03 
and  n  is  1 1.023  for  the  iron  -  copolymer  SLS  parts. 

The  effect  of  Firing  cycle  on  oxidized  bar  strength  was  carried  out  on  bars  made  at  a  scan 
density  of  3.0.  The  polymer  decomposition  and  oxidation  of  the  metal  preforms  were  carried  out 
in  a  conventional  air  oven  .  Figure  5  shows  the  effect  of  maximum  firing  temperature  on  oxidized 
part  strength.  Table  2  shows  the  oxidation  cycle  used  to  study  the  effect  of  temperature  on 
oxidized  part  strength. 


Furnace  Set  Point  (°C) 

Time  ( Hrs) 

200 

5 

300 

1 

400 

1 

500 

1 

Max  Temp 

4 

Table  2.  Oxidation  Cycle  To  Study  Effect  Of  Maximum  Firing  Temperature  on  Part 
Strength. 

*  Note  :  For  maximum  temperatures  less  than  500°C  similar  firing  cycle  is  used  and  the  ramp  rates 
are  the  same. 

The  effect  of  firing  cycle  on  strength  of  epoxy  infiltrated  oxidized  iron  bars  is  shown  in  Table  3. 
We  see  that  there  is  dramatic  increase  in  infiltrated  strength  as  we  go  from  bars  oxidized  at  300°C 
to  those  oxidized  at  450°C.  This  could  be  a  result  of  higher  oxidized  strength  of  the  preform  fired 
at  450°C.  The  epoxy  used  was  D.E.R.  331  with  Ac-Methyl  as  the  anhydride  curing  agent  and 
BDMA  as  the  accelerator.  The  parts  were  cured  at  100°C  for  2hrs  and  then  postcured  at  150°C  for 
6hrs.  The  tensile  strength  of  the  anhydride  cured  D.E.R.  331  epoxy  is  reported  to  be  10,000 
psi[6|. 


Max.  Oxidation  Temp 
(°C) 

Time  (Hours) 

MOR  (Oxidized  part) 
psi 

MOR  (Infiltrated  Part) 
psi 

300 

15.25 

1480 

5575 

450 

4.0 

2500 

9515 

Table  3.  Effect  of  Firing  Cycle  on  Infiltrated  Part  Strength 
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An  injection  mold  for  Golden,  Colorado,  was  made  using  iron-copolymer  powder  mixture 
by  SLS.  The  build  time  for  one  mold  was  approximately  lOhrs.  The  mold  pieces  were  fired  in  an 
air  oven  to  remove  the  polymer  and  oxidize  the  metal.  The  porous  mold  preform  was  infiltrated 
with  D.E.R.  33 1  epoxy  with  Ac-Methyl  as  the  curing  agent  and  BDMA  as  the  accelerator.  The 
dimensional  change  in  going  from  the  drawing  to  the  green  part  and  from  the  green  part  to  the  final 
infiltrated  part  is  shown  in  Figure  6.  Figure  7  shows  the  green  and  infiltrated  mold  parts.  The 
biggest  changes  are  the  associated  with  going  from  the  drawing  to  the  green  part.  The  difference  in 
dimensionality  between  the  drawing  and  the  green  part  can  be  removed  using  a  beam  compensating 
software.  Most  of  the  dimensional  shrinkages  on  firing  and  post-curing  are  below  4%.  The 
negative  value  for  shrinkage,  when  going  from  the  green  to  the  infiltrated  part,  is  the  result  of 
"growth"  due  to  oxidation  of  iron  during  the  firing  cycle  in  air. 


■  %  off(drawing  -  green  part) 

□  %  shrinkage(green-inf) 

□  %  change  (drawing  to  final  part) 


Figure  7.  Green  And  Epoxy  Infiltrated  Oxidized  Metal  Molds 


Conclusions 

Selective  Laser  Sintering  has  been  used  to  prepare  indirect  metal  parts  that  have  reasonable 
strengths.  This  material  system  can  be  used  to  make  injection  molds  for  small  scale  production 
runs.  Optimization  of  binder  burnout  and  metal  oxidation  cycle  holds  the  key  to  accurate 
dimensional  control  which  is  critical  in  production  of  injection  molds. 
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Abstract 

Liquid  phase  sintering  is  one  of  the  underlying  principles  that  must  be 
modeled  and  understood  when  the  Selective  Laser  Sintering  (SLS)  process  is 
used.  This  paper  describes  the  initial  studies  being  conducted  to  measure 
surface  tension  of  metal  alloys  used  for  SLS.  A  low  melting  point  solder  was 
used  to  verify  the  wetting  balance  and  pendant  drop  techniques  and  equipment 
for  determining  surface  tension.  The  liquid-solid,  1 iquid-vapor,  and  solid- 
vapor  surface  tension  of  80  Sn  -  20  Pb  solder  on  mild  steel  was  determined  to 
be  245,  417,  and  662  dynes/cm. 


Introduction 

Selective  Laser  Sintering  (SLS)  is  a  process  that  uses  a  rastering  laser  to 
sinter  powder  particles  into  a  computer  defined  shape.  Because  the  laser  is 
typically  rastered  at  speeds  of  1  to  10  cm  per  second,  the  particles  under  the 
laser  spot  may  only  be  at  sintering  temperatures  for  a  few  seconds.  If  the 
particles  are  to  be  sintered  during  this  short  period,  either  melting  or  a 
chemical  reaction  must  occur  to  form  particle  necks.  Liquid  phase  sintering 
(LPS)  differs  from  conventional  sintering  in  that  a  liquid  phase  allows  for 
particle  rearrangement  and  contact  dissolution  which  accelerates  the  initial 
shrinkage  rate  and  is  the  underlying  principle  of  SLS  processing  of  two  phase 
(low  and  high  melting  point  alloys)  systems. 

To  evaluate  the  phenomena  that  control  LPS  during  SLS,  several  factors  must  be 
considered:  the  rate  with  which  a  molten  metal  will  wet  a  solid  metal,  the 
surface  tension  of  liquid-solid  and  liquid-vapor  interfaces,  the  dissolution 
rate  of  the  solid  phase  in  the  liquid  phase,  the  temperature  transition  of  a 
powder  bed  as  the  laser  rasters  over  it,  modeling  of  the  initial  particle 
rearrangement  during  liquid  phase  sintering,  and  applying  the  model  to 
fabricate  a  multilayer  metal  part  using  SLS.  Results  of  the  initial  studies 
of  these  factors  will  be  presented  here. 

Liquid  Phase  Sintering  Theory 

Kingery  proposed  three  stages  for  liquid  phase  sintering  .  The  first  stage 
is  the  formation  of  a  liquid  phase  which  flows  and  facilitates  the 
rearrangement  of  particles.  The  second  stage  occurs  when  the  liquid  phase 
dissolves  the  solids  and  the  compact  density  increases  by  solution  and 
reprecipitation.  The  final  phase  is  the  formation  of  a  solid  skeleton  as  the 
compact  become  homogeneous  and  the  melting  point  of  the  liquid  exceeds  the 
processing  temperature. 

The  first  stage  of  liquid  phase  sintering,  particle  rearrangement,  results  in 
the  most  rapid  and  largest  extent  of  densification  '  .  During  SLS,  the  only 
part  of  the  powder  bed  that  contains  liquid  is  the  small  area  directly  under 
the  moving  laser  beam  and  the  small  area  trailing  the  current  position  that 
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has  not  cooled  below  the  melting  point  of  the  liquid  phase.  These  areas  will 
only  experience  a  molten  second  phase  for  a  short  period  of  time,  of  the  order 
of  seconds,  before  being  cooled  to  the  temperature  of  the  surrounding  solid 
material.  Therefore,  it  behooves  us  to  model  the  liquid  phase  sintering 
particle  rearrangement  kinetics  so  as  to  characterize  SLS. 

During  the  initial  stage  of  LPS  the  mechanism  for  densi f i cati on  is  particle 
rearrangement  driven  by  surface  tension  forces4.  Kingery  proposed  that  the 
densification  of  the  compact  could  be  modeled  by  the  equation  . 

M  =  =ZU^l,  i_t!_ 

V  16  r2  ti2 

Where  V  is  the  volume  of  the  compact,  Cn  is  the  coordination  number,  ylv  is 
the  liquid-vapor  surface  tension,  t  is  time,  r  is  the  particle  radius,  and  q 
is  the  melt  viscosity.  From  this  equation,  we  need  to  find  ylv,  the  liquid- 
vapor  surface  tension,  and  t],  the  liquid  viscosity.  ^ 

The  driving  force  for  liquid  phase  sintering  is  the  capillary  force  that  a 
wetting  liquid  exerts  between  two  solids6,7.  The  capillary  force  consists  of 
two  components,  surface  tension  and  a  pressure  difference  due  to  the  meniscus 
curvature.  To  determine  the  capillary  forces,  it  is  necessary  to  find  yls  and 
ysv,  the  liquid-solid  and  solid-vapor  surface  tensions. 

The  kinetics  of  wetting  are  not  completely  understood.  The  reactions 
preceding  the  advancing  liquid  front  that  are  responsible  for  oxide  layer 
removal  are  complex  and  involve  diffusion  of  metal  vapors  through  pores  in  the 
oxide  and  changes  in  surface  tension  due  to  surface  active  elements.  Since 
wetting  of  metal  particles  is  required  for  liquid  phase  sintering  during  SLS, 
the  kinetics  of  wetting  need  to  be  determined  to  model  this  process. 

The  wetting  balance  test  provides  information  on  the  transient  wetting 
characteristics  of  a  liquid-solid  couple8.  Figure  1  is  a  sketch  of  the  three 
stages  that  a  solid  sample  experiences  during  a  wetting  balance  test.  During 
the  initial  immersion  of  the  solid  into  the  molten  metal,  the  sample  is  not 
wet  and  is  lifted  by  the  surface  tension  of  the  liquid.  Within  a  fraction  of 
a  second,  the  liquid  starts  to  react  with  the  surface  layer  and  begins  to  wet 
the  exposed  surface  of  the  solid.  The  third  stage  is  when  the  equilibrium 
meniscus  has  formed. 


Initiol  Partiol  Complete 

Penetrotion  Wetting  Wetting 

I  I  I 

.  <•' 


Figure  1.  Stages  of  wetting  during  wetting 
balance  test. 
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The  value  of  y.  (the  liquid-solid  surface  tension)  can  be  determined  from  a 
force  balance  that  includes  three  terms,  the  weight  of  the  meniscus  around  the 
perimeter  of  the  sample,  the  surface  tension  that  pulls  the  liquid  up,  and  a 
buoyancy  term  related  to  the  volume  of  liquid  displaced: 

£Fy  =  0  =  (Awt-g)/l  -  Yis  /  cos0  +  AP‘Vd 

Where  Awt  is  the  weight  increase  of  the  sample,  g  is  the  gravitational 
constant,  1  is  the  perimeter  of  the  sample,  0  is  the  contact  angle  of  the 
liquid-solid  interface,  Ap  is  the  difference  in  density  between  the  solid  and 
liquid,  and  Vd  is  the  volume  of  liquid  displaced. 

If  the  sample  penetration  into  the  liquid  is  small,  the  buoyancy  term  can  be 
neglected  and  from  the  force  balance,  yls  is  given  by  the  relationship: 

Yls  =  (Awt-g)/l  •  cos©  (1) 

The  liquid-vapor  surface  tension  (ylv)  can  be  determined  by  measuring  the 
weight  of  a  pendant  drop9.  Figure  2  is  a  sketch  of  a  pendant  drop  showing  the 
two  curvatures.  As  a  drop  forms  at  the  end  of  a  rod,  two  curvatures  control 
when  it  will  separate.  If  the  drop  is  small,  gravity  may  be  neglected  and  the 
curvatures  of  the  pendant  drop  are  related  to  the  surface  tension  by  the 
Laplace  equation10: 

AP  =  ylv2H 

where  2H  is  the  Gaussian  average  curvature  and  AP  is  the  pressure  difference. 
For  a  symmetrical  drop  where  both  curves  are  revolutions  about  an  axis,  the 
average  curvature  is  given  by: 


2H  =  (1/R1  +  1/R2) 

In  practice,  an  empirical  relationship  exists  between  the  diameter  of  the  rod 
and  2H.  The  surface  tension  can  be  calculated  as: 

Ylv  =  m-g-F/R1  (2) 

where  m  is  the  mass  of  the  drop,  g  is  the  gravitational  constant,  F  is  the 
correlation  factor  related  to  r/V173  (where  V  is  the  volume  of  the  drop  after 
it  has  separated  from  the  rod),  and  R1  is  the  radius  of  the  solid  rod. 
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(3) 


The  factor  "F"  is  empirically  fitted  to  the  equation: 

F  =  0.14782  +  0 . 27896 (r/V1/3)  -  0 .1 66(r/V1/3)2 

Where  V  is  the  volume  of  a  drop. 

To  determine  the  solid-vapor  surface  tension,  ysv,  the  contact  angle  of  the 
solidified  metal  was  measured.  At  equilibrium,  the  condition  for  a  liquid  to 
wet  a  solid  is  given  by  Young's  equation11: 

Ysv  =  Yis  +  Ytvcose  (4) 

Since  y,  and  ylv  are  measured  using  the  wetting  balance  and  the  pendant  drop 
tests,  to  find  ysv  all  that  is  needed  is  the  contact  angle  8. 

Equipment 

A  "wetting  balance"  was  used  to  measure  the  rate  of  wetting  and  to  provide 
data  used  to  calculate  y.,  the  liquid-solid  surface  tension.  The  wetting 
balance  consists  of  a  bottom  loading  balance  accurate  to  0.01  gram  with  a 
computer  interface,  a  1000°C  top-loading  furnace  with  a  graphite  crucible,  and 
a  lab  jack  that  raises  and  lowers  the  furnace.  In  practice,  a  sample  of  the 
solid  is  suspended  from  the  bottom  of  the  balance  and  the  liquid  metal  is 
melted  in  the  furnace  below  the  balance.  When  the  solid  sample  and  the  molten 
metal  are  at  the  correct  temperature  for  the  test,  the  computer  interface  is 
activated  to  record  the  weight  changes  and  the  furnace  is  raised  using  the  lab 
jack  until  the  sample  touches  the  liquid  surface.  At  this  time,  an  electrical 
circuit  from  the  balance  to  the  crucible  is  closed  that  deactivates  the  lab 
jack  motor.  This  procedure  allows  for  a  reproducible  (and  small)  penetration 
depth  of  the  solid  sample  into  the  liquid  so  that  buoyancy  effects  can  be 
minimized.  After  10  seconds  the  furnace  was  lowered  and  the  sample  was 
sectioned  and  metallographically  examined  to  determine  the  thickness  change. 

Initial  tests  were  performed  to  test  the  suitability  of  the  methods  on  low 
melting  point  materials.  Mild  steel  sheet  was  the  solid  sample  and  the  80Sn- 
20 Pb  solder  was  used  as  the  molten  metal.  This  alloy  was  chosen  since  it  wets 
steel  and  melts  at  a  temperature  below  300°  C. 

The  same  equipment  was  use  to  measure  the  liquid-vapor  surface  tension  (ylv) 
using  the  drop  weight  method.  A  rod  of  the  alloy  was  suspended  verticallyv 
from  the  balance  and  the  furnace  was  heated  to  300°C  for  the  solder  alloy. 

The  furnace  was  raised  until  just  the  end  of  the  brazing  rod  was  heated  to  its 
melting  point  and  liquid  drops  formed  and  fell  into  the  empty  crucible.  The 
weight  change  of  the  rod,  which  corresponds  to  the  weight  of  the  drop,  was 
recorded  for  several  drops  and  from  these  data,  ylv  was  calculated. 


RESULTS  &  DISCUSSION 

The  data  from  a  wetting  balance  test  of  steel  and  Sn80  solder  at  300°C  are 
presented  in  Figure  3.  For  the  first  three  seconds  the  weight  of  steel  sample 
was  a  constant  1.82  grams  as  the  molten  solder  was  being  raised  to  contact  the 
edge  of  the  sample.  The  weight  decreased  rapidly  at  3.19  seconds  as  the  steel 
contacted  the  liquid  solder  and  pushed  down  on  the  surface.  There  is  no 
initial  wetting  and  the  steel  formed  a  depression  in  the  surface  of  the  molten 
solder.  The  rate  that  the  weight  decreased  is  related  to  the  speed  at  which 
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the  solder  pot  is  raised  and  the  rate  of  wetting.  The  weight  of  the  sample  as 
it  penetrates  the  surface  of  the  molten  solder  does  not  reveal  any  surface 
tension  data  because  it  is  dependent  on  many  parameters  such  as  the  velocity 
of  the  solder  pot  and  the  shape  of  the  solid  sample  edge. 


The  motor  lifting  the  solder  pot  stopped  when  an  electrical  contact  was  made 
between  the  solder  and  sample,  but  inertia  allowed  the  pot  to  rise  a 
millimeter  more  after  contact.  Between  3.2  and  5.04  seconds,  the  solder  wet 
the  sample.  During  this  time  the  molten  metal  reacted  with  any  surface  films 
on  the  steel  and  wet  the  solid.  After  five  seconds  the  equilibrium  meniscus 
formed  and  the  weight  leveled  off  at  3.37  grams  and  remains  there  until  the 
solder  pot  was  lowered  at  fifteen  seconds.  There  is  a  spike  in  the  weight  of 
the  sample  as  the  liquid  formed  an  inverted  meniscus.  The  height  of  this 
spike  is  not  relevant  because  the  sample  is  in  motion  and  equilibrium 
conditions  do  not  apply. 

The  plot  of  weight  versus  time  shows  that  the  wetting  time  is  approximately 
2.2  seconds.  This  time  represents  the  time  from  when  the  sheet  of  steel 
touched  the  molten  solder  surface  to  the  time  when  the  solder  meniscus  stopped 
advancing  up  the  sheet.  The  change  in  weight  due  to  the  solder  meniscus 
rising  above  the  surface  of  the  solder  is  1.55  grams.  The  wetting  angle  was 
measured  as  0°  using  an  optical  microscope  at  lOOx  so  the  value  of  yts  was 
calculated  using  equation  1  to  be  245  dyne/cm. 

Figure  4  is  a  plot  of  sample  weight  versus  drop  number  during  a  pendant  drop 
test.  In  this  test  a  80Sn-20Pb  solder  rod  with  a  diameter  of  0.32  cm  and 
dipped  in  Kester  SP-30  solder  paste  flux  was  used.  The  first  drop  weighed 


383 


0.15  grams  and  was  most  likely  a  drop  of  flux.  All  the  remaining  drops 
weighed  between  0.25  and  0.27  grams.  From  these  data,  F  was  calculated  from 
Equation  3  to  be  0.2368,  and  the  liquid-flux  surface  tension  was  calculated 
using  Equation  2  to.be  417  dyne/cm. 

This  compares  with  a  literature  value  of  450  dyne/cm12  but  since  they  were 
measuring  wetting  in  an  inert  gas  while  we  were  using  a  zinc  chloride  based 
flux,  our  value  should  be  somewhat  lower  than  the  reported  value.  In  a  second 
test  where  no  flux  was  used  and  the  sample  was  surrounded  by  air,  the  value  of 
Yiv  was  determined  to  be  662  dyne/cm. 


Without  flux,  the  solder  will  not  wet  steel.  Therefore,  in  order  to  determine 
the  solid-vapor  surface  tension  from  Young's  equation  the  liquid-vapor  surface 
tension  obtained  using  flux  was  used  for  this  experiment.  Because  of  this, 
the  solid-vapor  surface  tension  is  actually  the  solid-flux  surface  tension. 

The  contact  angle  0  was  measured  from  the  cross  section  of  the  steel,  and  y 
was  calculated  using  equation  4  to  be  565  dyne/cm. 


Summary 

These  techniques  for  measuring  surface  tension  (y)  and  kinetic  data  are 
necessary  to  model  the  initial  particle  rearrangement  stage  of  liquid  phase 
sintering.  The  pendant  drop  technique  is  an  accurate  and  reliable  method  of 
determining  ylv  and  the  wetting  balance  test  gives  not  only  yls,  but  wetting 
kinetics  data  as  well.  By  using  this  information  we  hope  to  £)e  able  to  model 
the  particle  rearrangement  process  that  occurs  as  the  first  stage  in  LPS.  In 
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turn,  the  model  of  LPS  will  be  used  to  optimize  SLS  of  metal  powders  to  make 
three  dimensional  parts. 

This  work  is  preliminary,  to  test  the  equipment  and  methods.  Future  work  will 
include  the  surface  temperature  measurement  of  the  brazing  alloy  in  a  reducing 
atmosphere. 
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Modeling  of  Polymer  Degradation  in  SLS 
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Abstract 

A  simple  computer  model  has  been  developed  to  predict  the  thermal 
degradation  of  polymer  binders  used  in  the  fabrication  of  composite 
green  shapes  from  high  temperature  ceramic  materials. 
Decomposition  rate  kinetics  of  the  polymer  materials  were 
determined  and  incorporated  into  the  model.  The  polymer 
degradation  occurring  in  three  separate  powder  systems  was 
determined  as  a  function  of  applied  laser  energy.  Agreement 
between  model  results  and  experimental  data  is  quite  good. 

(Key  Words:  Polymer,  Degradation,  Selective  Laser  Sintering, 
Composites). 


Introduction 

The  development  of  polymer  coated  ceramic  and  metal  materials  has  provided  the 
capability  to  Selective  Laser  Sintering  (SLS)  to  fabricate  green  composite  shapes  that  can  be 
post-processed  by  conventional  means  to  yield  functional  objects.  Already  a  great  deal  of 
research  has  been  conducted  to  develop  suitable  polymer  binder  materials  for  SLS1 2  as  well 
as  research  that  has  focused  on  examining  the  performance  of  the  developed  binders  in  the 
fabrication  of  green  composites  via  the  SLS  process.3  4 

Still,  work  is  continuing  with  polymer  composite  systems  to  maximize  their 
performance.  One  problem  that  is  evident  from  past  studies  is  the  occurrence  of  binder 
degradation  as  a  result  of  SLS  processing.  Measurable  amounts  of  binder  loss  have  been 
observed  in  all  polymer  composite  materials  studied  by  these  authors.  Loss  of  polymer 
binder  during  SLS  processing  has  the  obvious  consequence  of  reduced  green  strength  in 
the  fabricated  object  As  better  binder  systems  are  developed  that  require  lesser  amounts 
to  yield  green  objects  the  effects  of  binder  degradation  will  become  more  prevalent.  This 
paper  presents  preliminary  work  to  model  binder  degradation  in  an  effort  to  predict 
observed  results. 


Degradation  Model 

Polymer  degradation  model  development  follows  closely  the  modeling  of 
thermoplastic  sintering  discussed  by  Nelson.5  The  model  derived  from  the  1-dimensional 
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heat  transfer  equation  defined  as 
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where  p  is  the  bed  density,  Cp  the  heat  capacity,  T  the  temperature,  t  the  time,  k  the  thermal 
conductivity,  aR  the  absorptivity  of  the  material,  <I>  the  laser  intensity,  h  the  overall  heat 
transfer  coefficient,  the  ambient  temperature,  and  x  the  duration  of  the  applied  laser 
energy. 

Eq.  1  was  solved  via  a  Crank-Nicholson  finite  difference  form  that  is  unconditionally 
stable  with  discretization  errors  0[(At)2  +  (Az)2].6'7  To  complete  the  thermal  model  several 
of  the  physical  parameters  need  to  be  evaluated.  The  bed  density,  p,  is  assumed  to  be  that 
measured  for  the  green  parts  with  no  changes  occurring  due  to  polymer  sintering  and 
binder  loss.  Previous  data  show  part  densities  are  very  similar  to  measured  bed  densities.3 
The  specific  heat  of  the  bed,  is  assumed  linear  with  the  mass  fraction  contribution  of  the 
constituents.8 
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The  effective  bed  thermal  conductivity,  ke£f,  is  predicted  from  the  Yagi-Kunii  model  for 
packed  particle  beds9 
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where  e  is  the  void  fraction  of  the  bed,  y  ~  1  and  P  ~  1  for  beds  of  spherical  or  cylindrical 
particles,  k&  the  thermal  conductivity  of  the  gas  within  the  bed,  ks  e|f  the  effective  thermal 
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conductivity  of  the  solid,  DP  the  average  particle  diameter,  h^  and  h^  the  radiation  heat 
transfer  coefficients  for  void  to  void  and  solid  to  solid,  respectively,  and  <p  is  a  gas- 
geometry  correction  factor.  For  air,  Yagi-Kunii  give  an  empirical  form  of  cp  as 

<p  -  0.1927  e 1,544  (4) 

The  effective  solid  thermal  conductivity,  ks  ^  of  the  composite  material  was  estimated  in 
two  steps.  The  morphology  of  polymer  coated  particles  used  in  these  studies  is  such  that 
it  is  difficult  to  know  their  exact  makeup.  For  the  purposes  here  it  is  assumed  the  coated 
particles  are  of  a  core-shell  geometry  thus  the  thermal  conductivity  of  the  coated  particle, 
kc,  is  given  by10 


and  /Cj  is  the  thermal  conductivity  of  the  core,  k2  the  thermal  conductivity  of  the  coating, 
Rx  the  radius  of  the  core  particle,  and  f  c  the  thickness  of  the  coating  defined  as 


i  -  (i  -  4>,)1/3 
( 1  -  )VS 


(7) 


and  4>p  is  the  volume  fraction  of  the  polymer  coating.  Some  of  the  material  systems  studied 
were  comprised  of  coated  particles  and  pure  powder  substrate.  In  these  cases,  k  s  eff,  is 
determined  from  the  rule  of  mixtures 

<8> 

i 

where  4>j  is  the  volume  fraction  of  the  i-th  component  For  material  systems  composed  only 
of  coated  particles  kS  eB  =  kc. 
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The  laser  flux,  aR<I>,  was  determined  based  on  scanning  geometry  and  is  a  function 
of  laser  power,  laser  spot  size,  laser  scanning  speed,  and  the  distance  between  adjacent  scan 
vectors.  The  beam  is  Gaussian  by  measurement  therefore,  the  total  applied  energy  to 
boundary  condition  is  easily  modeled  as  a  fixed  sequence  of  discrete  pulses  occurring  at 
intervals  determined  from  the  scan  speed  for  a  total  time  of  t.5 

Degradation  of  the  binder  was  determined  at  each  nodal  point  from  kinetic 
expressions  described  below.  Bed  properties  were  re-evaluated  at  each  time  step  to  reflect 
changing  physical  conditions. 


Materials  and  Methods 

Two  polymer  composite  material  systems  were  studied.  The  first  consisted  of  two 
batches  of  monodisperse  silicon  carbide  (Norton)  coated  with  a  PMMA  binder  and  a 
methylmethacrylate/n-butylmethacrylate  (MMA/nBMA)  copolymer  binder.  The 
preparation  and  evaluation  of  these  coated  powders  has  been  described  elsewhere.3  The 
average  particle  size  of  the  silicon  carbide  powder  was  12.6±2.9|im  (Coulter  Multisizer). 
The  second  material  system  was  a  group  of  powders  that  consisted  of  a  series  of  different 
molecular  weight  MMA/ nBMA  copolymer  binders  coated  on  to  a  spheroidized  soda-lime 
glass  (Potters  Industries).  The  average  particle  size  of  the  glass  powder  was  5.0±2.5pm 
(Coulter  Multisizer). 

Test  specimens  were  fabricated  from  each  of  the  powder  materials  via  SLS.  The 
silicon  carbide  powders  were  processed  in  an  SLS™  Model  125  workstation  while  the  glass 
powders  were  processed  in  the  academic  prototype,  Bambi.11  Operating  conditions  were 
maintained  constant  within  limits  of  the  two  machines.  Test  specimens  were  fabricated 
using  applied  energy  densities,  A^  over  the  range  0.5-3. 0  cal/ cm2.  Two  to  four  specimens 
were  prepared  at  each  scanning  condition. 

The  fabricated  specimens  were  fractured  at  the  midpoint  and  a  powder  sample 
taken  from  the  center  of  the  fracture  plane.  The  polymer  content  of  the  powder  sample  was 
determined  by  Thermal  Gravimetric  Analysis  (TGA)  (Perkin-Elmer  Series  7).  The  relative 
mass  loss  of  the  samples  were  measured  over  the  temperature  range  50-650°C  in  a  flowing 
N2  stream.  The  polymer  content  of  the  sample  was  evaluated  as  the  difference  in  relative 
weight  loss  at  600°C  and  100°C,  respectively. 

The  five  copolymer  samples  of  different  molecular  weights  used  to  coat  the  glass 
powder  were  fabricated  by  methods  described  previously.2  The  properties  of  these 
polymers  are  listed  in  Table  1.  The  degradation  kinetics  of  these  copolymers  were  also 
determined  by  TGA.  The  normalized  weight  losses  of  ~10mg  samples  of  spray  dried 
polymer  powder  were  determined  at  isothermal  conditions  while  in  a  stream  of  pure  N2. 
Each  sample  was  preheated  to  175°C  for  a  period  of  five  minutes  before  being  quickly 
raised  to  a  predetermined  temperature  at  a  rate  of  150°C/min.  Independent  TGA  traces 
showed  no  appreciable  polymer  weight  loss  during  the  pre-heat  period.  Weight  loss 
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curves  were  collected  over  the  temperature  range  of  290°C-350°C  at  10-15°C  intervals. 
Table  1  Properties  of  MMA/ nBMA  copolymers  used  to  coat  glass  powder. 


Latex 

Density, 

(g/cm3) 

T* 

(°C) 

Melt  Flow, 

(g/lOmin  200°C  75psi) 

M/B-l-S 

1.163 

97.5 

0.104 

M/B-2-S 

1.163 

96.8 

0.96 

M/B  -4-  S 

1.156 

94.1 

8.64 

M/B-6-S 

1.156 

91.8 

31.1 

M/B-8-S 

1.156 

88.5 

74.7 

The  thermal  conductivities  and  specific  heats  of  the  ceramic  powders  were  obtained 
for  the  solids  from  the  literature.12'13,14,15  Similar  values  for  PMMA  were  also  obtained  from 
the  literature.1617  The  thermal  conductivity  of  the  MMA/  nBMA  copolymers  was  assumed 
to  be  that  of  PMMA.  The  specific  heat  of  the  copolymers  has  been  determined  to  be18 


0.319  ♦  0.802x20 '3  T  ;  T<90°C 
0.341  *  1.126x20  3  T  ;  T*90°C 


(9) 


Time,  (minutes) 

Figure  1  Isothermal  decomposition  of  MMA/ nBMA  copolymer  M/B  -4-S  at  330°C  in  N2. 
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Results  and  Discussion 


Figure  1  shows  a  typical  weight  loss  trace  for  a  MMA/ «BMA  copolymer.  The  traces 
of  all  copolymers  were  first-order  to  beyond  50%  conversion  over  the  temperature  range 
studied.  The  first  order  degradation  indicates  a  depolymerization  mechanism  similar  to 
that  of  PMMA  with  reasonably  long  zip  lengths  and  which  is  independent  of  termination 
reaction  order.19  Degradation  rate  kinetics  were  determined  from  the  initial  slopes  of  the 
relative  mass  loss  curves  according  to  the  first-order  rate-expression 


d_ 

it 
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(10) 


where  iv/w0  is  the  normalized  mass  loss  of  the  polymer  sample  and  kD?  is  the  degradation 
rate  constant. 

Degradation  rates  of  all  the  copolymers  were  similar  although  a  small  dependence 
on  molecular  weight  was  noted.  An  average  value  of  the  degradation  rate  expression  was 
used  for  prediction  of  polymer  degradation  in  the  model,  Eq.  11.  The  degradation  rate 
expression  given  by  Inaba,  et.  al.,19  was  used  for  the  PMMA  coated  silicon  carbide  sample, 
Eq.  12. 
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Figure  2  shows  the  polymer  degradation  for  the  PMMA  coated  SiC  material.  This 
material  contained  ~20  vol.  %  polymer  (8.5  wt  %)  and  was  derived  from  a  polymer  coated 
batch  containing  ~25  vol.  %  binder  to  which  raw  SiC  had  been  added.  The  extent  of  binder 
loss  is  significant  showing  more  than  a  15%  mass  loss  at  the  highest  energy  densities.  In 
this  case  the  model  does  a  reasonable  job  of  predicting  the  extent  of  binder  loss.  Although, 
the  experimental  data  appear  at  a  glance  to  be  essentially  linear  this  may  be  more  an 
artifact  of  error  in  the  data.  On  the  other  hand,  the  model  predicts  a  more  gradual 
development  to  binder  loss,  characteristic  to  the  first-order  rate  dependence,  and  becomes 
increasingly  dominant  at  the  higher  energy  densities  as  would  be  expected. 
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Figure  2 


Comparison  of  predicted  polymer  degradation  to  experimental  results  for  PMMA  coated 
Silicon  Carbide. 


Figure  3  shows  the  extent  of  polymer  degradation  for  the  MMA/  «BMA  copolymer 
coated  onto  SiC.  This  material  system  has  nearly  the  same  compositional  makeup  as  the 
PMMA/SiC  material  discussed  above.  The  extent  of  degradation  is  much  reduced  for  this 
material  showing  about  a  6%  wt.  loss  overall  at  the  highest  energy  densities.  The  decreased 
degradation  of  the  copolymer  is  consistent  with  the  less  rigorous  kinetics  described  by  Eq. 
11.  In  this  case,  the  model  prediction  is  quite  close  to  the  experimental  data.  However,  at 
the  higher  energy  densities,  the  predicted  extent  of  binder  degradation  may  be  too  severe. 


Figure  3  Comparison  of  predicted  polymer  degradation  to  experiment  for  MMA/  nBMA 

copolymer  coated  Silicon  Carbide. 


Figure  4  shows  the  extent  of  binder  degradation  for  all  the  copolymer  glass  powders 
described  above.  One  set  of  data  corresponding  to  the  M/B  -1-S  coated  glass  powder  was 
discarded  since  the  polymer  content  of  this  powder  was  lower  (~21%  vol)  than  the 
remaining  powders  (~23  vol.  %).  The  remaining  data  points  represent  the  average  of  at 


393 


least  three  data  points.  This  system  contained  only  coated  powders.  The  agreement  of  the 
model  prediction  with  the  experimental  data  in  this  case  is  excellent.  This  result  offers 
some  verification  to  the  validity  of  the  developed  model  for  two  reasons.  First,  the  thermal 
conductivity  of  the  glass  powder  much  lower  than  for  the  silicon  carbide  powder  discussed 

above.  SiC  has  a  thermal  conductivity  similar  to  that  of  most  metals  while  that  of  glass 
characteristically  lower.  Second,  the  makeup  of  the  material  systems  is  altered. 


Figure  4  Comparison  of  predicted  polymer  degradation  for  MMA/ wBMA  copolymer  coated  A- 

5000  soda-lime  glass. 


Conclusions  and  Further  Work 

The  binder  degradation  model  discussed  briefly  here  appears  to  predict  well  the 
extent  of  binder  degradation  in  the  material  systems  studied.  More  work  is  required  to 
verify  the  validity  of  the  model  by  comparison  to  other  material  systems  such  as  polymer 
coated  metals  and  material  systems  of  polymer  mixed  with  powder  substrates.  With 
further  verification  of  the  model  it  will  be  simple  to  use  the  model  to  study  the  effects  of 
SLS  processing  conditions  on  the  extent  of  binder  loss  as  possible  tool  for  optimizing 
process  conditions  for  optimal  results. 

This  research  was  supported  by  DARPA/ONR  grant  N000 14-92-J-1394  and  DARPA 
grant  MDA  972-92-J-1026  through  Lanxide  Corporation. 
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ABSTRACT 

Ceramic  green  bodies  can  be  created  using  stereolithography  methods  where  a  ceramic  slip 
consisting  of  45-55  v/o  ceramic  powder  is  dispersed  within  an  ultraviolet-curable  aqueous 
acrylamide  solution.  Two  ceramic  materials  were  investigated:  silica  [Si02]  for  investment  casting 
purposes,  and  alumina  [AI2O3]  for  structural  parts.  After  mixing  the  powders  in  the  curable 
solution,  the  ceramic  slip  is  tape  cast  onto  a  substrate  for  cure  under  a  high  intensity  ultraviolet 
lamp  (220-450  nm)  at  different  exposure  times.  The  materials  systems  were  evaluated  at  different 
solids  loadings  (10-50  v/o)  for  cure  thickness  and  viscosity  control.  Silica  had  a  cure  depth  of  330 
pm  at  a  solids  loading  of  55  v/o,  and  at  50  v/o,  alumina  had  a  cure  depth  of  300  pm. 

Preliminary  work  utilizing  scattering  theory  revealed  the  cure  depth  is  controlled  by  the 
particle  size  and  the  refractive  index  difference  between  the  ceramic  and  ultraviolet  solution.  The 
refractive  index  difference  is  the  dominating  factor.  Two  particle  size  distributions  of  alumina  were 
used  to  more  accurately  determine  the  effect  of  particle  size. 


INTRODUCTION 

Layered  manufacturing  of  ceramics  has  been  accomplished  by  scanning  laser  sintering 
(Lakshminarayan  et.  al.,  1990)  and  three  dimensional  printing  (Sachs  et.  al.,  1993).  The  most 
popular  layered  manufacturing  method,  stereolithography  (SLA),  has  not  yet  been  adapted  to 
produce  ceramics.  For  example,  the  3D  Systems’  SLA  machine,  which  use  a  laser  beam  to  cure  a 
liquid  monomer  in  a  line-by-line,  layer-by-layer  cure  sequence  (Jacobs,  1993a),  is  one  of  the  most 
effective  methods  for  layered  manufacturing  (Jacobs,  1993b  and  Burns,  1993),  but  has  only  been 
used  for  polymeric  materials  which  can  be  directly  produced  by  photopolymerization.  Our  goal  is 
to  extend  the  stereolithography  method  so  it  can  be  used  for  free  form  fabrication  of  ceramics  such 
as  alumina  (AI2O3)  components,  or  silica  (Si02)  shells  and  cores  for  investment  casting 
refractories.  To  accomplish  this,  we  are  developing  techniques  for  UV  curing  of  a  highly  loaded 
suspension  of  ceramic  particles.  The  UV  curable  liquid  creates  the  polymer  binder  to  form  a 
ceramic  green  part.  As  a  preliminary  step,  we  have  used  the  UV  curable  ceramic  suspensions  to 
fabricate  single-layer  parts  with  simple  masks,  but  our  goal  is  to  develop  these  suspensions  so  they 
can  be  used  to  fabricate  ceramics  by  stereolithography.  This  paper  reports  our  progress  at  the  point 
of  this  writing. 

A  candidate  stereolithography  system  for  ceramics  must  satisfy  several  requirements. 
Since  a  high  quality  ceramic  is  the  goal,  the  free  form  ceramic  green  body  must  have  a  high 
density,  either  for  its  refractory  properties  or  so  it  can  be  readily  sinterable  to  form  a  dense  ceramic. 
To  operate  in  an  SLA  resin  tank,  the  ceramic  SLA  suspension  must  be  at  least  as  fluid  as 
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conventional  SLA  resins  (viscosity  less  than  3000  mPa-s)  for  proper  flow  during  recoat.  The 
ceramic  SLA  suspension  must  also  be  curable  by  UV  lasers,  with  useful  cure  depth  and  resolution. 

To  achieve  acceptable  ceramic  quality,  the  SLA  slip  must  use  the  same  ceramic  powders  as 
required  by  ordinary  ceramic  processing.  Fine-grained  structural  or  electronic  ceramics,  such  as 
alumina,  require  very  fine  powders  with  200-700  nanometer  particles,  while  refractories,  such  as 
silica-based  investment  casting  cores,  have  particles  ranging  from  1-50  micrometers.  The  alumina 
is  subsequently  sintered  at  high  temperature  to  yield  a  pore-free  body.  For  successful  sintering, 
the  solids  volume  fraction  in  the  SLA-cured  body  must  be  at  least  0.50-0.65,  similar  to 
conventionally  processed  ceramic  green  bodies.  Since  no  shrinkage  occurs  during  curing,  the 
ceramic  volume  fraction  in  the  solid  cured  body  is  the  same  as  the  ceramics  loading  of  the  fluid 
SLA  suspension  before  curing.  Silica  refractory  cores  do  not  shrink  during  sintering,  but  their 
fired  density  is  a  critical  parameter,  and  control  of  the  density  must  be  exercised  in  the  SLA  slip, 
again  requiring  high  volume  fraction  loading. 

The  SLA  suspension,  at  a  0.60  solids  volume  fraction,  is  a  very  highly  concentrated 
suspension,  which  must  have  relatively  low  viscosity  with  nearly  Newtonian  flow  behavior. 
These  highly  loaded  suspensions  tend  to  be  excessively  viscous  unless  an  excellent  degree  of 
colloidal  dispersion  can  be  achieved.  The  viscosity  [p]  of  a  suspension  with  a  volume  fraction 
solids  [<)>]  is  greater  than  the  viscosity  of  the  pure  liquid  [p0]  by  a  factor  modeled  by  a  modified 
Krieger-Dougherty  Equation  (1959) 


V  =  ri0 
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Here  <t>0  represents  the  volume  fraction  solids  at  maximum  packing  for  solid  particles,  where  the 
system  changes  from  a  fluidized  suspension  into  a  wet  solid.  The  maximum  solids  fraction  ranges 
from  about  0.63  for  uniform  spherical  particles  to  about  0.70  for  powders  with  a  wide  particle  size 
distribution.  The  term  p<|>  is  the  effective  volume  fraction  of  the  suspended  solids.  If  the  particles 
are  perfectly  colloidally  dispersed,  p=l,  and  the  suspension  has  the  lowest  possible  viscosity. 
Note  that  the  viscosity  rises  sharply  as  the  solids  loading  approaches  so  fluid  suspensions  in 
the  50-60  vol%  range  are  increasingly  difficult  to  prepare.  The  rise  in  viscosity  is  much  greater  if 
submicron  powder  must  be  used,  because  dispersion  of  these  fine  powders  becomes  increasingly 
difficult  so  the  p  term  is  usually  significantly  greater  than  1 .  Obtaining  effective  dispersion  for 
submicron  powders  requires  careful  design  of  the  colloidal  dispersant  system.  The  viscosity  of  the 
pure  monomer  resin,  r|0,  is  extremely  important.  In  this  paper,  we  present  results  for  an  aqueous 
system,  so  the  monomer  viscosity  is  only  1  mPa-s.  Low  viscosity  acrylic  systems,  based  on  low 
molecular  weight  diacrylates,  have  been  reported  elsewhere  (Griffith  and  Halloran,  1994). 

This  concentrated  ceramic  suspension  must  be  sufficiently  transparent  to  UV  light  to  permit 
an  acceptable  depth  of  cure.  Powder  suspensions  can  have  a  very  high  turbidity  due  to  light 
scattering,  even  if  the  ceramic  itself  is  transparent  to  UV.  The  scattering-induced  turbidity  limits 
the  distance  of  penetration  of  the  UV  light  into  the  suspension,  and  largely  determines  the  depth  of 
cure,  Dcure,  for  a  ceramic  suspension.  The  depth  of  cure  can  be  modeled  by  assuming  it  to  be  the 
depth  at  which  the  UV  beam  is  attenuated  from  the  incident  intensity  (I0)  down  to  the  minimum 
intensity  required  to  achieve  photocuring  (Icure)  for  the  particular  photoinitiator/monomer  system. 
This  can  be  derived  from  a  standard  expression  for  turbidity  of  suspensions  (van  de  Hulst,  1957), 
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where  ®  is  the  volume  fraction  of  ceramic,  d  is  particle  size,  and  Q  is  the  efficiency  factor  for  the 
extinction  coefficient  for  the  ceramic-resin  system.  The  term  Q  is  not  a  simple  quantity,  and  in 
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general  must  be  numerically  calculated  for  a  specific  situation  (Barber  and  Hill,  1990).  However, 
for  many  cases  relevant  to  ceramics,  it  can  be  modeled  by  the  Raleigh-Gans  equation  (van  de 
Hu  1st,  1957)- 


(3) 


where  An  is  the  refractive  index  difference  between  the  ceramic  (np)  and  the  UV  curable  resin  (n0) 
and  X  is  the  UV  wavelength.  Notice  the  strong  dependence  which  the  refractive  index  difference 
has  on  the  depth  of  cure. 

One  final  feature  is  the  absorption  range  of  the  photoinitiator  system.  As  with  other  particle 
-filled  systems,  such  as  UV-cured  pigments  (Dorfner,  1991),  the  absorption  range  of  the 
photoinitiator  must  be  adjusted  to  avoid  interference  from  the  particles. 


MATERIALS  SYSTEMS 

We  are  investigating  an  aqueous  system  which  gels  upon  UV  irradiation,  to  transform  the 
fluid  suspension  to  a  rigid  solid.  The  liquid  phase  is  a  30  wt%  solution  of  acrylamide,  a 
monofunctional  monomer  which  can  be  polymerized  with  a  free  radical  initiator  to  create  water- 
soluble  polyacrylamide.  Addition  of  the  crosslinking  monomer  methylene  bis-acrylamide  creates  a 
rigid  aqueous  gel  upon  curing.  After  evaporation  of  the  water,  about  15  vol%  of  dry 
polyacrylamide  remains  in  the  green  ceramic.  This  is  sufficient  to  impart  adequate  strength  to  the 
green  ceramic,  but  is  easily  removed  during  binder  burnout.  The  aqueous  acrylamide  solution  has 
a  refractive  index  of  1.35  at  366  nm.  This  system  is  based  upon  an  Oak  Ridge  National 
Laboratory  "gel  casting"  technique  for  injection  molding  (Janney,  1990  and  Young  ct.  al.,  1991), 
which  uses  thermal  polymerization  of  acrylamide  to  solidify  a  suspension  into  a  polyacrylamide 
gel. 

Two  ceramic  materials  were  investigated.  Silica  is  a  typical  example  for  low  refractive 
index  ceramics.  It  also  is  of  great  technological  interest,  as  silica  is  a  workhorse  refractory  material 
for  shells  and  cores  in  the  investment  casting  industry.  The  particle  size  range  is  broad,  averaging 
1.5  micron,  which  is  similar  to  the  finer  components  in  silica  refractories.  Alumina  was 
investigated  as  an  example  of  a  high  strength  structural  ceramic.  Alumina  has  a  higher  refractive 
index,  and  most  applications  demand  a  submicron  particle  size.  Two  grades  of  alumina  were 
investigated  to  help  determine  the  effect  of  particle  size  on  the  UV  cure  depth.  Table  1  contains  the 
refractive  index  (Palik,  1985)  and  particle  size  information  for  these  three  powders  and  the  aqueous 
UV  curable  solution. 


TABI.H  1:  PROPERTIES  OF  CERAMIC  AND  UV  CURABLE  LIQUID. 


Material 

n  1366  nm) 

d  (pm) 

aqueous  UV 

1.35 

silica 

1.56 

1.5 

alumina  (15) 

1.70 

0.7 

alumina  (50) 

1.70 

0.2 

T|o  tmPa-s) 
1 


Two  photoinitiators  (PI)  were  used.  One  is  a  phosphine  oxide  which  has  an  absorption 
range  up  to  400  nm  with  photobleaching  properties.  A  ketone  derivative  with  an  absorption  to  400 
nm  was  also  used.  Two  photoinitiators  were  needed  for  the  aqueous  system  due  to  the  low 
solubility  of  commercial  Pis  in  water. 
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EXPERIMENTAL 


We  used  a  medium  pressure  mercury  ultraviolet  lamp  (UV  Laboratory  System,  Hanovia)  to 
examine  the  UV  curing  properties  of  the  ceramic  suspension.  This  lamp  has  three  power  outputs: 
300,  200,  125  W/in,  which  corresponds  to  irradiance  densities  of  2.51,  1.69,  and  1.02  W/cm2, 
and  emits  a  broad  spectrum  of  ultraviolet  wavelengths  ranging  from  220  to  450  nm.  This  lamp  is 
part  of  a  conveyorized  system  where  the  suspension,  applied  as  a  film  onto  a  substrate,  moves 
under  the  lamp.  The  time  of  cure  is  controlled  by  the  speed  of  the  conveyor  belt. 

The  UV  curable  suspensions  were  prepared  by  adding  ceramic  powder  incrementally,  and 
then  mixing  in  a  high  shear  mixer  for  1-5  minutes  per  increment  of  powder.  After  the  chosen 
solids  loading  was  reached,  the  suspension  was  homogenizing  by  conventional  ball  milling  for  2- 
12  hours,  depending  on  the  solids  loading. 

The  UV  suspension  was  either  put  in  a  petrie  dish  or  tape  cast  onto  a  glass  slide,  depending 
on  viscosity,  and  subsequently  exposed  to  the  UV  light.  Afterwards,  the  cured  film  was  lifted  off 
the  substrate.  The  thickness  of  the  cured  film  was  measured  using  optical  or  scanning  electron 
microscopy,  and  used  to  infer  depth  of  cure. 


RESULTS 
I.  Silica 


Due  to  the  larger  particle  size  and  surface  chemistry  of  silica  powder  (Her,  1979),  it  was 
easy  to  disperse  silica  in  the  aqueous  UV  curable  liquid.  The  approximate  viscosity  of  a  50  v/o 

Si02  suspension  was  200  mPa-s.  Note  the  refractive  index  term,  [a n/n0]2  is  0.024  for  this 
system,  reflecting  the  similar  refractive  indices  of  powder  and  the  aqueous  solution.  Both 
photointiators  were  used  in  the  formulation:  0.4  w/o  phosphine  oxide  and  0.7  w/o  ketone 
derivative,  which  is  the  maximum  solubility  of  the  Pis  in  the  aqueous  system. 

Figure  1  shows  the  depth  of  cure  versus  volume  percent  silica  added  to  the  aqueous 
system.  All  materials  were  cured  at  2.51  W/cm2  for  times  of  2.4  and  9.6  seconds  corresponding 
to  exposures  of  6.01  and  24.06  J/cm2  to  the  UV  light.  At  low  volume  fraction  silica,  the  exposure 
time  or  dose  is  important,  as  cure  depth  increases  with  exposure  dose.  By  50  v/o,  the  exposure 
time  has  much  less  effect  upon  cure  depth.  Note  that  55  v/o  SiC>2  suspensions,  which  are  suffi¬ 
ciently  concentrated  for  ceramic  use,  have  a  cure  depth  of  330  pm,  which  is  large  enough  for 
effective  use  in  stereolithography. 

Figure  2  shows  the  depth  of  cure,  at  2.5 1  W/cm2,  versus  time  for  short  exposures  to  the 
UV  light.  There  seems  to  be  no  incubation  time  for  cure  of  these  highly  loaded  ceramic 
suspensions,  which  is  expected  due  to  the  photoinitiator  and  polymerization  reactions  occurring 
rapidly  (Decker  and  Moussa,  1990,  and  Hoyle  and  Trapp,  1990).  The  depth  of  cure  gradually 
saturates  within  about  0.75  seconds  for  the  50  v/o  suspension  and  after  about  2  seconds  for  the  40 
v/o  suspension.  In  the  previous  figure,  the  ceramic  suspensions  were  cured  for  9.6  seconds.  The 
same  result  would  be  achieved  for  a  cure  time  of  1-2  seconds  for  a  50  v/o  suspension. 
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volume  percent  silica 


FIGURE  1 :  DEPTH  OF  CURE  VERSUS  VOLUME 
PERCENT  SILICA  IN  AQUEOUS  UV  CURABLE 
SLIP  FOR  EXPOSURE  TIMES  OF  2.4  AND  9.6 
SECONDS  AT  2.51  W/CM2. 


time  (seconds) 


FIGURE  2:  DEPTH  OF  CURE  VERSUS  TIME,  AT 
2.5 1  W/CM2,  FOR  40  AND  50  V/O  SILICA  IN  THE 
AQUEOUS  UV  SUSPENSION. 


(A)  (B) 


FIGURE  3:  A)  MICHIGAN  "M"  MASK  [1.0  CM  X  0.75  CM],  B)  SILICA  GREEN  BODY  REPLICA  FROM 
UV  CURING  50  V/O  SLIP  FOR  2.4  SECONDS  AT  2.51  W/CM2. 


Now  that  the  depth  of  cure  was  determined  for  the  silica  aqueous  suspension,  a  simple 
dimensional  test  was  performed.  A  University  of  Michigan  “M”  mask  was  made,  as  shown  in 
Figure  3a.  This  was  placed  over  the  50  v/o  silica  suspension  and  cured  for  2.4  seconds  at  2.51 
W/cm2.  The  resulting  part  is  shown  in  Figure  3b.  Notice  the  mask  has  a  jagged  edge  in  the  top 
V  which  is  replicated  in  the  green  body.  The  dimensionality  between  the  green  body  and  the 
mask  is  quite  exact,  since  at  50  v/o  SiC>2,  the  amount  of  shrinkage  due  to  UV  cure  is  negligible. 
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II.  Alumina 


Figure  4  shows  the  depth  of  cure  for  two  grades  of  alumina  dispersed  in  the  aqueous  UV 
curable  solution.  As  expected,  the  smaller  particle  size  alumina  (d=0.2|i)  had  the  larger  depth  of 
cure  at  high  volume  percent  solids  since  Dc  is  inversely  proportional  to  the  particle  size.  At  50  v/o, 
the  0.2|i  alumina  had  a  Dc=400  (im,  whereas  the  0.7|i  alumina  had  a  Dc=300  (im.  Both  materials 
were  easy  to  disperse  in  the  aqueous  solution,  resulting  in  viscosities  of  200  and  500  mPa-s  for  the 
0.7  and  0.2  micron  powders,  respectively. 


FIGURE  4:  DEPTH  OF  CURE  VERSUS  VOLUME 
PERCENT  ALUMINA  IN  THE  AQUEOUS  UV 
CURABLE  SLIP  FOR  EXPOSURE  TIME  OF  2.9 
SECONDS  AT  2.51  W/CM2. 


FIGURE  5:  PLOT  OF  CURE  DEPTH  VERSUS 
INVERSE  IN  CONCENTRATION  OF  SOLIDS 
FOR  AQUEOUS  SILICA  AND  ALUMINA  SLIPS 
UV  EXPOSURE  TIME  WAS  2.9  SECONDS  AT 
AN  IRRADIANCE  DENSITY  OF  2.51  W/CM2. 


The  turbidity  expression,  in  Equation  2,  suggests  a  linear  relationship  between  the  depth  of 
cure,  Dcure,  and  the  inverse  of  the  concentration  of  ceramic,  I/O.  Figure  5  is  a  graph  of  the 
experimental  depth  of  cure  versus  I/O  for  silica  and  alumina  in  the  aqueous  suspension.  As 
expected,  there  is  a  linear  fit  for  all  ceramic  suspensions. 

Since  Equation  2  is  consistent  with  the  data,  a  value  for  the  efficiency  factor,  Q,  can  be 
obtained  from  the  slopes  of  Figure  5.  Assuming  the  Icure  value  is  not  affected  by  the  dispersed 
powder,  silica  and  alumina  should  have  a  slope  ratio  between  3  and  4  since  the  Raleigh-Gans 
model  for  Q  is  proportional  to  the  refractive  index  difference  term  squared.  Figure  5  shows  a  slope 
ratio  of  3.7,  roughly  in  accord.  Particle  size  dependence  predicted  by  the  Raleigh-Gans  equation 
anticipates  a  large  difference  in  slopes  between  the  two  grades  of  alumina,  which  is  not  observed. 
We  are  not  clear  if  this  indicates  that  the  Raleigh-Gans  formula  is  not  applicable,  because  the  two 
alumina  particle  distributions  overlap  and  cannot  be  quantified  by  a  simple  particle  size. 

Depth  of  cure  could  be  greatly  modified  by  changing  the  refractive  index  term  in  Equation 
3.  Unfortunately,  refractive  indices  of  materials  are  not  variable  for  the  ceramic  or  the  monomer. 
Over  the  ultraviolet  wavelength  range,  most  monomers  have  refractive  indices  around  1.5,  and 
ceramics  have  refractive  indices  that  vary  from  1.56  for  silica  to  2.6  for  silicon  carbide.  Currently, 
we  are  researching  acrylate  formulations  (Griffith  and  Halloran,  1994)  to  increase  the  depth  of  cure 
by  modifying  no-  With  further  understanding  of  the  terms  in  Equation  2,  it  should  be  possible  to 
predict  the  cure  depth  for  any  ceramic  powder  in  any  UV  curable  resin. 
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CONCLUSIONS 


Ultraviolet  curing  of  highly  loaded  ceramic  suspensions  is  achievable,  and  appears  to  be 
practical  for  stereolithography  of  ceramics.  Silica  in  an  aqueous  acrylamide  liquid  is  most 
promising  because  of  the  large  depth  of  cure  at  high  volume  fractions.  For  50  v/o  silica,  cure 
depths  of  300  (im  for  ~2  seconds  of  exposure  can  be  achieved.  Simple  patterns  have  been  made 

by  exposure  through  a  mask.  Alumina  with  a  refractive  index  of  1.7  achieved  acceptable  depths  of 
cure  (Dc=300|im  for  0.7|i),  and  showed  that  decreasing  the  particle  size  increases  the  depth  of  cure 
(Dc=400pm  for  0.2|i).  Depth  of  cure  is  controlled  by  the  refractive  index  difference,  An,  and 
particle  size,  d. 
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Abstract 

The  Solid  Freeform  Fabrication  (SFF)  process  significantly  reduces  part  specific  setup 
manufacturing  lead  time.  This  process  has  been  primarily  used  in  fabricating  prototypes  for  design 
visualization  and  verification.  However,  the  major  impact  of  this  process  on  the  future  of 
manufacturing  technology  would  be  the  possibility  of  fabricating  functional  parts  for  end  use.  One 
of  the  obstacles  to  this  goal  is  the  insufficient  accuracy  of  the  final  physical  part  produced  by  the 
process.  From  the  software  point  of  view,  the  major  sources  of  the  inaccuracy  come  from  the 
inappropriate  data  transfer  format  and  the  3D  aliasing'  or  Stair-stepping'  problem. 

The  '3D  aliasing'  problem  can  be  reduced  by  adapting  the  layer  thickness  to  the  geometry  of 
the  part.  In  this  paper,  the  procedure  of  adaptive  slicing  from  the  exact  representation  of  the  part 
model  is  described.  This  will  improve  part  accuracy  and  minimize  building  time  especially  for  the 
parts  with  highly  curved  surfaces.  The  procedures  are  implemented  and  a  comparison  to  the 
conventional  uniform  layer  thickness  method  will  be  discussed. 

1.  INTRODUCTION 

The  primary  application  of  the  SFF  process  has  been  to  fabricate  prototypes  of  new  designs  for 
their  quick  visualization  and  verification.  For  this  purpose  only,  high  part  accuracy  is  not  generally 
required.  However,  as  the  process  is  improved,  fabrication  of  final  functional  parts  is  becoming 
more  interesting.  To  fabricate  functional  parts,  two  major  obstacles  to  the  goal  must  be  overcome. 
The  first  is  the  fact  that  most  of  the  processes  build  parts  made  of  limited  special  materials  only. 
The  second  is  an  accuracy  problem:  the  process  has  a  relatively  loose  tolerance,  in  general, 
compared  to  others  such  as  NC  machining[l]. 

In  building  a  part  using  the  SFF  process,  part  accuracy  is  usually  the  most  important 
consideration.  The  major  sources  of  inaccuracy  in  the  process  are  part  shrinkage,  approximation 
of  CAD  models  during  data  transfer  with  CAD  systems,  and  the  stair-stepping  or  3D  aliasing 
problem[2],  A  tessellated  model  is  transferred  to  the  SFF  process  from  a  CAD  system  via  a  file 
format  that  stores  an  unordered  list  of  vertices  which  comprise  triangular  facets.  Even  though  a 
part  is  modeled  with  exact  geometries  in  a  CAD  system,  valuable  geometric  and  topological 
information  is  lost  during  the  data  transfer[3].  The  finite  thickness  of  layers  of  physical  material 
produces  3D  aliasing  effects  that  cause  the  inaccuracy  of  the  final  physical  part[4].  This  is 
illustrated  in  Figure  1 . 


*  Currently  at  National  Institute  of  Standards  and  Technology 
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Figure  1.  3D  aliasing  effect 

It  is  not  possible  to  eliminate  3D  aliasing  completely  because  of  the  process  characteristics. 
However,  it  can  be  reduced  by  varying  the  thickness  of  the  slices.  The  thickness  must  be  adaptive 
to  the  shape  of  the  surface  of  the  part  in  order  to  guarantee  that  the  deviation  between  the  final 
part  surface  and  the  ideal  part  surface  lies  within  a  certain  tolerance  limit. 

In  this  research,  the  issue  of  accuracy  is  concerned  primarily  with  focusing  on  reducing  the  3D 
aliasing  problem  by  optimizing  the  layer  thickness.  The  exact  model  is  transferred  from  CAD 
systems  through  high-level  data  exchange  standards  such  as  STEP/PDES[5], 

2.  OVERALL  SYSTEM  ARCHITECTURE 

For  a  fully  automated  SFF  process,  a  system  architecture  shown  in  Figure  2  is  currently  being 
developed  and  tested  at  Rensselaer  Polytechnic  Institute.  A  solid  modeling  kernel  is  built  as  a  part 
of  the  process  software  to  store  model  information  and  perform  geometric  reasoning.  Exact 
model  representation  can  be  exchanged  between  the  kernel  modeling  system  and  other  CAD 
systems  at  the  designers'  side  through  a  high-level  data  exchange  format  such  as  STEP/PDES.  In 
the  near  future,  the  STEP/ACIS  Husk[6]  being  developed  at  Rensselaer  Polytechnic  Institute  will 


Design  System  Data  Exchange  SFF  System 

Figure  2.  System  Architecture 
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3.  ADAPTIVE  SLICING  PROCEDURE 

The  purpose  of  the  adaptive  slicing  is  to  fabricate  geometrically  accurate  parts.  The  reference 

of  the  part  accuracy  is  the  solid  model  with  mathematically  defined  surfaces.  Many  attempts  have 

been  made  successfully  to  manufacture  parts  directly  from  CAD  models:  the  automatic  NC 

machine  tool  path  generation  is  an  example  of  the  attempts. 

The  3D  aliasing  causes  the  deviation  of  the  part  surface  from  the  true  surface  definition,  and 
the  deviation  is  defined  by  the  maximum  gap  measured  in  the  normal  direction  of  the  surface  as 
shown  in  Figure  3.  The  cusp  height  tolerance  is  set  by  designers  or  SFF  process  operators  based 
on  the  functionality  of  the  part  to  be  built.  Each  surface  of  a  part  may  be  set  with  different 
tolerance  values  according  to  its  functionality.  The  following  subsections  will  discuss  the 
procedure  of  adaptive  slicing  in  sequence  based  on  the  assumption  that  a  cusp  height  tolerance 
and  a  range  of  allowable  layer  thickness  are  given  with  a  properly  oriented  part  model. 

3.1  Finding  Slicing  Sub-regions 

Some  special  features  must  be  considered  when  slicing  a  part  for  accuracy.  Those  features 
include  flat  areas,  peak  points  and  edges,  and  horizontal  edges  and  the  slicing  plane  must  pass 
through  those  features  for  accurate  fabrication.  The  inaccuracies  caused  by  ignoring  those 
features  are  illustrated  in  Figure  4.  These  features  will  be  called  peak  features  throughout  this 
paper. 


Figure  4.  Inaccuracies  due  to  peak  features 
Once  all  the  peak  features  are  identified  in  a  model,  the  height  of  the  features  is  sorted  in  the 
order  of  vertical  direction,  then  the  whole  part  can  be  subdivided  into  several  sub-regions  so  that 
no  peak  features  are  within  a  region  except  its  boundaries.  An  adaptive  slicing  algorithm,  which 
will  be  discussed  in  the  next  section,  is  applied  to  each  subregion.  The  peak  features  are  identified 
from  the  vertices,  edges  and  faces  of  the  model,  as  described  in  the  following  three  subsections. 

3.1.1  Vertex  peak  features 

All  the  vertices  are  basically  considered  as  peak  features.  However,  two  types  of  vertices  are 
excluded  from  the  peak  feature  list. 

•  topological  vertex  Some  vertices  exist  only  to  fulfill  the  B-rep  data  structure  requirements  of  a 
solid  modeling  system.  Several  examples  are  shown  in  Figure  5.  Usually,  only  one  or  two 
faces  are  adjacent  to  the  topological  vertex. 


The  part  orientation  is  important  because  it  affects  the  build  time,  dimensional  acccuracy  and  post-processing 
complexity. 


406 


•  smooth  vertex  If  a  vertex  lies  on  the  intersection  of  surfaces  that  meet  smoothly  at  the  vertex, 


3.1.2  Edge  peak  features 

•  horizontal  edge  If  the  geometry  of  an  edge  is  a  planar  curve  and  the  edge  lies  horizontally,  the 

edge  is  considered  as  a  peak  feature  as  shown  in  the  Figure  7(a).  However,  if  the  adjacent 
surfaces  meet  smoothly  at  the  edge  as  illustrated  in  Figure  7(b),  the  edge  is  excluded  from  the 
peak  feature  list. 

•  extreme  point  If  an  edge  is  not  linear,  the  extreme  points  in  the  vertical  direction  must  be 


Figure  7.  Horizontal  edges  Figure  8.  Extreme  points 


3.1.3  Face  peak  features 

•  horizontal  planar  face  The  slicing  plane  must  pass  through  the  horizontal  planar  face. 

•  extreme  point  Extreme  points  of  curved  surfaces  in  vertical  direction. 

Once  these  features  are  found  and  the  part  is  divided  into  regions,  the  procedures  in  the 
following  sections  are  applied  to  each  region  to  generate  a  series  of  slicing  planes. 

3.2  Calculation  of  the  Next  Slice  Height 

Within  each  slicing  region  found  at  the  previous  section,  a  set  of  slicing  planes  is  generated, 
considering  a  cusp  height  tolerance.  Let  Z*£  and  Ztjj  be  the  height  of  the  lower  and  higher 
boundaries  of  the  i(fj  slicing  region  respectively,  and  Z1^  <  z*i  <  z*2  <  —  <  zlj  <  •••  <  Z*//  be  an 
ordered  sequence  of  height  of  the  slicing  planes.  The  height  of  a  slicing  plane,  zj+  j,  is  determined 
from  the  contours  (intersection  curves)  generated  by  the  previous  slicing  plane  at  the  height  of  zj, 
based  on  the  geometry  of  the  part. 

The  procedure  is  basically  similar  to  that  of  NC  tool  path  generation  for  curved  surfaces[8,9]. 
Let  Cj  be  the  contour  at  the  height  of  zj  and  Cj+ /  be  the  next  contour  to  be  found.  In  calculating 
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the  next  layer  thickness,  d  =  zj+  j  -  zj1  a  set  of  sampling  points  are  selected  along  the  previous 
contour,  Cj ,  and  the  next  layer  thickness  is  calculated  at  each  sampling  point  considering  the 
geometry  of  the  surface  at  that  point.  The  minimum  value  is  selected  as  the  next  layer  thickness 
among  those  values  calculated  at  every  sampling  point.  The  method  for  selecting  a  set  of  sample 

points  will  be  discussed  in  the  next  section. 

3.3  Determination  of  the  sampling  points 

Assume  that  a  sample  point,  Pj,  on  a  contour  curve  is  obtained.  The  next  sampling  point,  Pi+L 
can  be  calculated  from  the  Figure  9  and  Eq.(l).  The  contour  curve  is  approximated  by  an  arc  with 
the  radius  of  p=1/k  where  k  is  the  curvature  of  the  curve  at  the  sampling  point  Pj.  The  Eq.(l) 
calculates  an  arc  length  to  the  next  sampling  point  so  that  the  maximum  deviation,  5,  is  less  than 
or  equal  to  the  cusp  height  tolerance. _ 


i  ! 

v  1  / 

\ 

P.  :  current  sampling  point 

'  1  / 

P  \  1  '  p 

Pi+i  :  next  sampling  point 

\  !  6  / 

8  :  cusp  height  tolerance 

\  1/ 

p  :  radius  of  curvature  at  Pi 

) 

1 

1  :  arc  length 

Figure  9.  Determination  of  sampling  points 


I  oo  if  p  =  0 

[2pcos~'(l-  p/5)  otherwise  ^ 

3.4  Calculation  of  layer  thickness  at  a  sampling  point 

In  this  section,  a  method  for  calculating  the  next  layer  thickness  at  a  sample  point  will  be 
discussed. 


Figure  10.  Calculation  of  next  slicing  plane 

Let  p  be  the  radius  of  curvature  of  the  part  surface  in  the  vertical  direction  at  the  sampling 
point,  P.  Then  the  part  surface  can  be  approximated  by  a  sphere  with  the  radius  of  p  as  shown  in 
Figure  10.  This  is  a  good  approximation  because  the  layer  thickness  is  much  smaller  than  the 
radius  of  curvature  of  the  surfaces  of  most  mechanical  parts.  The  next  layer  thickness,  d,  can  be 
calculated  from  the  Figure  10,  with  the  given  cusp  height  tolerance,  8.  It  is  assumed  that  the  laser 
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beam  radius  is  compensated  at  the  border  of  the  part  to  allow  for  the  laser  line  width.  The  cross- 
sectional  shape  of  a  curved  line  is  approximated  by  a  rectangle2 . 

If  p  is  infinite,  the  next  layer  thickness,  d,  is  calculated  using  Eq.(2), 

J  0O(—  /  max)  if  nk  =0 

[5/cos 0  =  8/m  otherwise 

where  n £  is  a  vertical  component  of  the  normal  vector  of  the  surface  at  the  point  P.  Note  that  the 
layer  thickness,  d,  must  be  bounded  by  the  maximum  and  minimum  layer  thicknesses,  lmax  and 


Imin- 

If  r  is  not  infinite,  it  is  required  to  check  the  location  of  the  sampling  point,  P,  relative  to  the 
center  of  the  sphere.  If  the  point  is  on  the  northern  hemisphere,  the  layer  thickness,  d,  is  calculated 
using  Eq.(3).  The  Eq.(4)  is  for  the  case  where  the  point  is  on  the  southern  hemisphere  of  the 
sphere.  _ 

d  =  -p  sin  0  +  ^/p2  cos2  0  -  2  5p  -  82  (3) 

d  jpcos0--y/p2  cos20-28p-82  if  p2 cos20-28p-82  >  0  ^ 

[  pcos0  otherwise 


3.5  Layer  Contour  Generation  at  Region  Boundaries 

Care  must  be  taken  when  generating  contours  of  a  layer  that  pass  through  a  region  boundary. 
All  the  pathological  cases  of  surface  intersection  problems  may  occur  because  of  the  peak 
features.  Another  concern  is  the  removal  of  the  contours  generated  by  downward  planar  faces.  As 
pointed  out  by  Dolenc  and  Makela[10,ll],  if  a  slicing  plane  passes  through  a  down-facing  flat 
surface,  the  corresponding  contour  area  must  be  discarded. 

These  problems  can  be  eliminated  by  lowering  the  slicing  plane  by  an  infinitesimal  amount 
which  is  far  less  than  the  minimum  layer  thickness,  but  greater  than  the  tolerance  value  used  in 
surface  intersection  procedure. 

4.  IMPLEMENTATION  AND  EXAMPLES 

A  prototype  program  has  been  implemented  that  includes  the  features  discussed  in  this  paper. 
Based  on  the  ACIS®3  solid  modeling  kernel,  the  system  is  built  on  a  Sun  Sparc  workstation  with 
an  X-window  based  user  interface. 

To  compare  the  adaptive  slicing  with  the  uniform  slicing,  a  sphere  with  the  diameter  of  10"  is 
modeled  and  sliced  with  various  cusp  height  tolerances  as  shown  in  Figure  1 1 .  The  minimum  and 
maximum  layer  thickness  is  set  to  be  0.001"  and  0.020"  respectively.  The  results  are  summarized 
in  the  table  below.  _ 


Adaptive  Slicing 

Uniform  Slicing 

Cusp  Height 
(in.) 

Number  of  Layers 

Number  of  Layers 
Thick,  cusp  height 

0.006 

909 

1667 

0.007 

803 

1429 

0.008 

726 

1250 

2  The  shape  of  a  cured  line  is  better  approximated  by  a  parabolic  cylinder  2  . 

3  ACIS  is  a  registered  trademark  of  SPATIAL  TECHNOLOGY  Inc.,  Boulder,  CO 
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0.009 

669 

1112 

0.010 

626 

1000 

0.011 

593 

909 

0.012 

658 

834 

0.013 

548 

770 

0.015 

533 

715 

With  the  cusp  height  of  0.01",  the  number  of  layers  is  626.  If  the  uniform  thickness  method  is 
used,  the  number  of  layers  is  between  500  and  10,000  according  to  the  layer  thickness  chosen. 
For  the  uniform  thickness  method,  the  deviation  error  (cusp  height)  will  vary  according  to  the 
latitude  of  the  sphere  and  the  maximum  error  will  occur  around  the  north  and  south  poles.  For  the 
uniform  layer  thickness  of  0.011",  for  example,  the  number  of  layers  will  be  909  and  the  cusp 
height  at  the  angle  of  80  degrees  from  the  equator  will  be  0.0109",  which  can  be  achieved  with 
only  593  layers  by  using  the  adaptive  slicing  method. 

From  this  experiment,  we  can  conclude  that,  in  many  parts  with  highly  curved  surfaces,  a  part 
can  be  fabricated  by  using  the  adaptive  slicing  method,  not  only  more  accurately  but  also  more 
rapidly.  Figure  12  and  13  show  more  examples. 

5.  CONCLUSION 


The  Solid  Freeform  Fabrication  process  is  a  promising  new  manufacturing  method  that  can 
fabricate  a  product  with  lot  size  of  1  with  minimum  cost.  In  order  to  serve  this  goal,  however, 
further  development  of  the  process  is  required.  From  the  software  point  of  view,  the  part  accuracy 
is  the  major  area  to  be  tackled  first.  The  sources  of  inaccuracy  is  identified  to  be  from  the 
approximate  model  data  caused  by  the  data  exchange  format  and  '3D  aliasing'  problem.  In  this 
paper,  a  new  system  architecture  was  proposed  to  exchange  exact  model  representation  with 
CAD  systems.  And  adaptive  slicing  procedure  for  reducing  the  3D  aliasing  problem  was  also 
discussed. 

The  procedures  has  been  implemented  and  tested  on  several  example  parts.  The  results  show 
that  the  adaptive  slicing  assures  part  accuracy  and  minimizes  the  number  of  layers  for  minimal 
build  time. 


410 


Figure  13.  Adaptive  slicing  of  aNURB  surface 
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Advances  in  Selective  Area  Laser 
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Abstract 

Selective  Area  Laser  Deposition  (SALD)  is  a  Solid  Freeform  Fabrication  (SFF)  technique  which 
uses  a  scanning  laser  beam  to  produce  solid  material  by  locally  decomposing  a  gas  precursor.  In 
this  work,  a  focused  CO2  laser  beam  strikes  a  substrate  in  the  presence  of  tetramethylsilane 
(TMS)  or  diethylsilane  (DES),  producing  silicon  carbide  objects  with  high  density  and  no  binder 
phase.  Recent  investigation  has  yielded  growth  rates  up  to  2.7mm/min  in  the  beam  area,  and  has 
eliminated  previously  noted  contamination  of  the  optics  by  a  byproduct  which  mass 
spectroscopy  identifies  as  silicon  dioxide.  This  paper  reviews  a  cause  of  non-uniform  growth  and 
demonstrates  the  addition  of  hydrogen  and  reduced  scan  speeds  to  make  multilayer  parts.  In 
addition,  it  presents  a  method  for  in-situ  measurement  of  height  of  deposited  material. 

Introduction 

Selective  Area  Laser  Deposition  [1]  describes  a  rapid  prototyping  process  in  which  a 
moving  laser  beam  causes  localized  decomposition  of  a  precursor  gas,  creating  solid  material.  A 
computer  containing  specifications  for  a  three  dimensional  object  controls  the  motion  of  an  x-y 
table,  which  moves  the  beam  relative  to  a  substrate  surface.  The  moving  area  heated  by  the  beam 
dictates  where  material  will  be  added,  building  up  solid  material  (metal,  ceramic,  glass,  etc.)  in 
the  desired  shape  for  either  prototype  or  structural  parts. 

This  paper  reviews  recent  progress  in  SALD  employing  tetramethylsilane  (Si(CH3>4)  and 
diethylsilane  (HgShCgF^jg)  to  produce  silicon  carbide.  Pyrolysis  of  tetramethylsilane  has  been 
investigated  by  Figueras  et  al  in  the  growth  of  silicon  carbide  films  [2],  Tetramethylsilane 
decomposes  according  to  the  following  overall  reaction: 

Si(CH3)4(g)  SiC  +  3  CH4(g) 

The  reaction  proceeds  exothermically,  with  an  enthalpy  change  of  -73.75  kcal/mole  [3], 

We  also  considered  an  alternative  precursor,  diethylsilane.  The  molecular  formula  for 
diethylsilane  suggests  the  following  overall  reaction: 

Si(C2H5)2H2(g)  =>  SiC  +  C2H6(g)+  CH4(g)+  Fb(g) 

Diethylsilane  offered  the  possibility  of  lower  deposition  temperatures,  as  both  the  hydrogen  and 
ethyl  groups  display  less  electronegativity  and  should  ease  decomposition  relative  to  the  methyl 
groups  in  tetramethylsilane. 
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A  previous  paper  reports  the  fabrication  of  single  layer  silicon  carbide  objects  from 
tetramethylsilane  by  Selective  Area  Laser  Deposition  [4].  Thermal  shock  and  uneven  growth 
posed  the  greatest  obstacles  to  the  production  of  larger,  more  general  shapes.  The  investigation 
of  rod  growth  with  a  stationary  beam  produced  growth  rates  of  up  to  1.6  mm/min.  The  following 
describes  the  most  recent  advances  in  producing  more  complex,  multilayer  silicon  carbide 
objects,  including  increased  growth  rates,  more  even  growth,  and  reduction  in  the  effects  of 
residual  oxygen  on  the  process. 

Apparatus 

The  equipment  setup  (Fig.  1)  varies  somewhat  from  early  SALD  work  [5],  Vapor  drawn 
from  a  flask  containing  liquid  tetramethylsilane  (vapor  pressure  755  Torr)  or  diethylsilane  (85 
Torr)  at  ambient  temperature  fills  a  vacuum  chamber.  A  computer  controlled  x-y  table  supports 
a  C02  laser  and  associated  optics  which  produce  a  focused  beam  passing  through  a  ZnSe 
window  into  the  chamber.  A  firmly  packed  powder  bed  within  the  vacuum  chamber  serves  as  a 
substrate.  Movement  of  the  table  scans  the  beam  over  selected  areas  of  the  substrate,  where 
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Fig.  1  SALD  System  Schematic 


pyrolysis  of  the  tetramethylsilane  or  diethylsilane  produces  silicon  carbide.  In  a  departure  from 
the  earlier  system,  we  have  added  a  small  fan  with  a  brushless  DC  motor  inside  the  chamber  to 
provide  forced  convection  to  the  deposition  area  similar  to  that  in  a  flowing  gas  system. 

Experimental  Procedure 

The  vacuum  chamber  underwent  multiple  cycle  purges  with  nitrogen  to  base  pressures 
of  less  than  10"2  Torr.  The  system  did  not  undergo  a  bakeout  between  trials.  The  substrate 
consisted  of  firmly  packed  16um  silicon  carbide  powder.  Powder  provides  greater  absorption  of 
the  beam,  as  well  as  less  conduction  of  heat  away  from  the  deposition  point,  assisting  in 
initiation  of  the  SALD  process. 
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Precursor  gas  pressure  ranged  from  20-140  Torr  for  tetramethylsilane.  The  upper  limit 
reflects  previous  problems  experienced  with  fogging  of  the  ZnSe  window  by  decomposition 
products  at  higher  pressures.  An  equilibrium  vapor  pressure  of  85  Torr  at  room  temperature 
limited  diethylsilane  pressures  to  85  Torr  or  less.  Where  indicated  below,  we  also  added 
chromatograph  grade  hydrogen  gas  at  pressures  up  to  100  Torr. 

Two  successive  ZnSe  lenses  acted  to  focus  the  beam  from  the  C02  laser,  producing  an 
estimated  400um  spot  size  (l/e2).  Previous  measurements  of  absorption  by  tetramethylsilane 
provided  a  pressure/absorption  correction  factor  to  achieve  a  constant  intensity  at  the  substrate 
surface  of  six  watts  regardless  of  pressure.  Trials  for  diethylsilane  represent  the  first 
investigation  for  this  precursor,  and  considerations  outlined  below  prevented  the  acquisition  and 
use  of  correction  curves  for  unifonn  power  at  the  surface. 

Scanning  of  the  laser  beam  typically  took  place  at  80-100  um/sec.  We  have  not 
thoroughly  investigated  a  full  range  of  scan  speeds,  and  future  work  will  address  the 
determination  of  an  optimal  scan  speed.  All  scanning  patterns  consisted  of  parallel  lines  with  a 
spacing  of  100  um. 

Results 


As  seen  in  Fig.  2,  we  observed  growth  rates  as  high  as  2.7  mm/min.  The  previous 
maximum  rate  of  1 .6mm/min  occurred  at  80  Torr  of  TMS.  Rates  had  previously  decreased  at 
pressures  over  80  Torr,  due  in  part  to  clouding  of  the  ZnSe  window  by  precipitation  of  a  reaction 
byproduct.  The  data  shown  apply  to  rods  grown  with  a  stationary  beam  for  5  minutes  in  pure 
tetramethylsilane. 
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Fig.  2  Growth  rate  vs.  TMS  pressure 


The  improvement  in  the  rate  may  have  resulted  from  the  addition  of  a  forced  convection 
component  in  the  mass  transport  mechanism.  The  variation  seen  in  growth  rates  probably  results 
from  an  irregular  flow  pattern  from  the  small  fan;  for  example,  a  small  lateral  displacement 
relative  to  the  fan  might  greatly  affect  the  flow  velocity.  The  difficulty  of  exactly  reproducing 
the  positioning  of  the  deposition  point  relative  to  the  small  fan  used  in  these  experiments 
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probably  accounts  for  much  of  the  scatter  observed  in  rate  data.  Mode  hopping  in  the  laser, 
resulting  in  fluctuations  in  output  power  as  described  later  in  this  paper,  may  represent  an 
additional  source  of  variation. 

Airflow  from  the  fan  offers  an  additional  benefit:  in  previous  SALD  experiments,  natural 
convection  from  the  heated  area  carried  a  relatively  undiluted  stream  of  heated  reaction 
byproducts  upward  along  the  beam  path,  ultimately  striking  surfaces  on  optical  components  such 
as  the  ZnSe  window.  At  these  surfaces,  a  solid  material  precipitated  from  the  gas,  leading  to 
absorption  of  the  beam.  The  addition  of  forced  convection  dispersed  this  stream  of  waste  gas 
leaving  the  deposition  site,  greatly  reducing  clouding  of  the  optical  path. 

Trials  with  diethylsilane  did  not  show  significant  growth  except  at  very  low  pressures. 
Observation  of  the  substrate  showed  no  heating  of  the  surface  even  at  the  highest  available  laser 
settings  (30  Watts).  Only  at  pressures  below  10  Torr  did  the  beam  have  a  noticeable  effect  on 
the  surface,  and  at  10  torr  a  small  amount  of  growth  occurred.  We  interpret  this  as  an  indication 
of  very  strong  absorption  of  the  10.6  um  wavelength,  requiring  further  investigation.  Although 
the  laser  could  not  deliver  the  desired  six  watts  to  the  substrate  surface,  growth  of  silicon  carbide 
at  pressures  below  10  Torr  suggest  that  solving  the  absorption  problem  may  allow  diethylsilane 
to  serve  as  a  suitable  precursor. 

The  issue  of  growth  rate  represents  a  critical  concern  in  the  development  of  SALD 
technology.  The  data  shown  above  for  tetramethylsilane  represents  nearly  a  doubling  of  the 
growth  rate  over  that  previously  reported.  Fig.3  shows  an  example  of  a  3-D  silicon  carbide 
object.  The  scale  of  the  object,  approximately  one  inch,  indicates  the  capability  of  SALD  in  its 
current  state.  The  three  horizontal  appendages  contain  a  1mm  thick  layer  of  deposited  silicon 
carbide.  This  material  has  a  durable  and  solid  feel,  but  definitive  density  and  strength  data 
require  further  investigation. 

As  mentioned  above,  previous  work  had  revealed  a  problem  with  contamination  of  the 
optics  in  the  chamber  due  to  a  byproduct  of  the  deposition  reaction.  Mass  spectroscopy  using 
electron  impact  ionization  identified  the  solid  byproduct  precipitating  on  the  reactor  walls  as 
well  as  on  the  ZnSe  window  as  pure  SiOg.  Based  on  this  information,  three  steps  have 
eliminated  the  contamination  problem:  drying  the  substrate  in  vacuum  for  24  hours  prior  to 
deposition,  redesigning  the  precursor  flask  to  eliminate  exposure  to  oxygen-bearing  vacuum 
grease,  and  adding  hydrogen  gas.  Hydrogen  acts  to  getter  any  available  oxygen  to  form  water, 
which  adsorbs  onto  the  chamber  wall.  Adding  hydrogen  to  the  tetramethylsilane  has 
dramatically  reduced  the  formation  of  silicon  dioxide,  and  experiments  involving  up  to  twenty 
hours  of  deposition  have  not  resulted  in  any  visible  fogging  of  the  optical  components. 

However,  hydrogen  slows  the  deposition  rate  significantly:  100  Torr  of  hydrogen  reduces  the  rate 
by  approximately  a  factor  of  five.  Future  work  will  investigate  the  minimum  pressure  of 
hydrogen  needed  as  a  function  of  tetramethylsilane  pressure  to  prevent  silicon  dioxide  formation. 

Although  silicon  carbide  generally  has  excellent  thermal  shock  resistance  for  a  ceramic 
material,  thermal  shock  also  presented  difficulties  in  SALD,  specifically  in  the  growth  of 
multiple  layers  of  material.  Scan  rates  of  400  um/sec  produced  solid  single  layers  of  material, 
suitable  for  analysis  by  XRDS,  SEM,  scanning  auger  spectroscopy,  or  for  annealing  experiments 
in  a  furnace.  However,  deposition  of  a  second  layer  resulted  in  severe  thermal  shock  caused  by 
the  steep,  moving  thermal  gradient,  fracturing  the  original  layer.  Reducing  the  scan  speed  to  80- 
100  um/sec  reduces  this  problem.  Two  separate  contributions  may  account  for  this:  first,  the 
initial  layer  of  material  has  greater  thickness  and  therefore  greater  strength;  and  second,  the 
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Fig.  3  “Stirrer”  created  in  3  hours  15  minutes  from  tetramethvlsilane. 

slower  scan  rate  induces  a  proportionately  lower  thermal  shock  on  the  material.  Thermal  shock 
under  current  conditions  no  longer  interferes  with  growth  of  multiple  layers  of  silicon  carbide. 

The  requirement  to  heat  the  deposition  surface  from  above  with  laser  radiation  as 
opposed  to  heating  the  substrate  from  below  as  in  conventional  CVD  creates  a  unique  challenge 
in  SALD:  any  projection  above  the  planar  surface  of  the  material  suffers  less  conduction  into  the 
underlying  solid,  causing  it  to  retain  more  of  the  incident  energy'.  This  causes  it  to  grow  faster, 
and  an  unstable  situation  exists  which  we  refer  to  as  preferential  growth.  An  instability  in 
deposition  rate  identified  during  rod  growth  compounds  the  problem  by  actually  initiating 
projections  along  the  deposition  path.  During  growth  rate  measurements  using  a  stationary 
beam,  an  unexpected  periodic  variation  appeared  in  rod  diameter,  referred  to  hereafter  as 
“beading”.  Fig.  4  show's  an  extreme  case  of  this.  This  instability  may  also  exhibit  itself  in  the 
growth  of  single  or  multiple  layers  of  material,  but  became  directly  observable  during  the  growth 
of  rods.  Beading  results  from  several  physical  phenomena.  Birmingham  [6]  identified  small 
periodic  fluctuations  in  the  C02  laser,  and  later  showed  that  the  associated  shift  in  wavelength 
caused  by  mode  hopping  created  a  dramatic  shift  in  absorption  by  the  gas.  Further,  he  showed 
that  reflectivity  of  the  silicon  carbide  pow'der  and  deposit  also  varied  sharply  in  the  region  in 
which  the  C02  laser's  mode  hopping  occurred.  The  period  of  the  beading  events  corresponds 
very  closely  with  the  established  period  of  mode  hopping  in  the  COg  laser. 

We  employ  two  approaches  to  minimize  the  problem  of  localized  growth:  reducing  the 
scan  rate  reduces  the  thermal  gradient  between  the  substrate  surface  and  the  underlying  material, 
reducing  heat  flow  into  the  substrate.  Also,  the  addition  of  hydrogen  increases  the  rate  of 
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Fig.  4  Example  of  “beading”  occurring 
during  rod  growth 

etching  (reverse  reaction)  of  silicon  carbide  at  the  higher  temperatures  experienced  by 
projections  on  the  surface.  Although  these  approaches  reduce  preferential  growth,  the  answer 
ultimately  lies  in  the  use  of  precursors  with  lower  deposition  temperatures  to  further  reduce  the 
thermal  gradient  in  the  material,  and  hence  conduction  into  the  substrate.  Such  precursors  exist 
but  require  complex  and  critical  handling  procedures.  In  addition,  SALD  requires  a  laser  with  a 
wavelength  appropriate  to  the  chemical  and  physical  properties  of  the  material  produced. 

In-situ  deposition  thickness  measurement  approach 

Development  of  an  in-situ  deposition  thickness  measurement  technique  is  critical  to 
control  the  height  of  the  different  shapes  built  up  by  the  SALD  process.  One  method  consists  of 
using  the  scattered  energy  of  the  He-Ne  laser  focused  beam  to  make  an  image  of  the  spot.  This 
method  is  easier  than  the  interferometric  methods  and  does  not  require  polished  surfaces, 
nevertheless  its  sensitivity  may  approach  that  of  medium  accuracy  interferometry.  This  system  is 
shown  schematically  in  Fig.  5. 

Measuring  principles 

The  He-Ne  laser  beam  is  focused  onto  the  surface  of  the  growing  object  by  the  lens  LI . 
When  the  surface  is  exactly  at  the  focal  plane  of  the  lens,  a  large  fraction  of  specular  reflection 
light  is  backscattered  and  collected  by  the  lens  L2  to  project  the  spot  image  onto  the  position- 
sensitive  detector  (PSD).  When  the  deposit  grows,  the  spot  image  moves  along  the  detector 
which  is  an  optoelectronic  sensor  that  provides  continuous  position  data  of  a  light  spot  traveling 
over  its  surface.  An  aperture  is  used  in  front  of  L2  to  improve  the  resolution  by  decreasing  the 
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spotsize.  Knowing  the  displacement  d  along  the  detector  we  can  estimate  the  growth  G  by  the 
following  formula: 


Gr  (Xsina/X’)*d 


(  Xsina/X’)  is  a  ratio  associated  w'ith  the  position  of  the  lens  L2. 


Figure  5 

Schematic  of  the  deposition  thickness  measurement  system 


The  Detection 

When  a  light  spot  falls  on  the  PSD,  an  electric  charge  proportional  to  the  light  energy  is 
generated  at  the  incident  position  (Fig. 6).  This  electric  charge  is  driven  through  the  resistive  P- 
layer  and  collected  by  the  electrodes.  Since  the  resistivity  of  the  P-layer  is  uniform,  the 
photocurrent  collected  by  an  electrode  is  inversely  proportional  to  the  distance  between  the 
incident  position  and  the  electrode. 


4 1  8 


The  following  formulas  give  us  an  estimation  of  the  incident  position  depending  on  the 
two  outputs  II  and  12. 


Figure  6 

Schematic  of  the  position-sensitive  detector 

One  of  the  most  important  problems  that  we  met  is  the  specular  reflection  on  the  rough 
surface  of  the  silicon  carbide,  which  causes  a  variable  incident  intensity  of  the  spot  image  ( 10 
variable  ).  To  avoid  that  problem  an  operating  electronic  circuit  was  built  in  order  to  calculate 
the  ratio:  (12-11  )/(I2+Il)  =  d/L  which  is  independent  of  the  reflected  light  intensity. 


Finally  we  have  : 

G  =  (Xsina/X’  )*L*(I2-I 1  )/(1 1  +12) 
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Results 


Initially,  different  measurements  were  made  by  changing  the  ratio  (Xsina/X’).  The  spot 
was  directly  projected  onto  a  fluorescent  screen.  The  smallest  displacement  d  resolvable  was  d  = 

0.5  mm  which  corresponds  to  30  pm  of  growth  with  a  ratio  of  (Xsina/X’)  =  0.06.  The  PSD  will 

be  used  to  improve  the  position  resolution  of  the  spot  image.  A  detected  spot  displacement  of 
150  pm  is  possible  with  such  a  detector  which  corresponds  to  a  resolvable  10  pm  of  growth  for 
the  same  ratio  (Xsina/X’)=0.06.  The  dynamic  range  linearity  (  Fig.  7  )  and  errors  ( Fig. 8)  were 
estimated  by  placing  a  sample  that  was  a  flat  surface  of  silicon  carbide  at  the  plane  G  =  0  and 
moving  the  sample  in  the  Z  direction. 


Figure. 7 

The  displacement  of  the  spot  (mm) 
function  of  the  Z-scanning 


Figure.  8 

Growth  detection  error  in  uni 
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Conclusion 


The  above  paper  describes  continuing  progress  toward  a  SALD  technology  capable  of  producing 
prototype  as  well  as  structural  parts.  The  current  process  already  yields  dense  silicon  carbide 
free  of  the  glassy  binder  phases  which  typically  compromise  high  temperature  resistance.  The 
alternative  precursor,  diethylsilane,  shows  incompatibility  with  CO2  lasers,  but  growth  at  low 
pressures  with  a  greatly  attenuated  beam  indicates  its  potential  for  lower  deposition 
temperatures.  The  process  continues  to  produce  higher  growth  rates,  and  thermal  shock  and 
contamination  of  the  optical  path  no  longer  pose  significant  obstacles  in  the  practical  matter  of 
producing  large  scale  parts.  Additionally,  an  in-situ  method  for  measuring  height  of  the  material 
following  deposition  represents  a  step  toward  actively  controlling  the  uniformity  of  deposition 
height  in  spite  of  variations  in  deposition  rate.  The  ability  to  produce  solid  objects  on  a  useful 
scale  (approximately  1  inch)  in  a  matter  of  hours  represents  a  substantial  advance  in  the  area  of 
SALD. 
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